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 Titan's atmospheric chemistry has been the source of intrigue since the planetary 
body's discovery.  Though there is a growing understanding of the atmospheric chemistry 
of small molecules on Titan, much less is known about larger molecule formation, and 
particularly about nitrile chemistry.  This dissertation characterizes nitrile/isonitrile 
intermediates that are postulated to be important in Titan's atmosphere, adding to the 
necessary foundation for understanding Titan's atmospheric chemistry.  The vibronic 
spectroscopy of para-diisocyanobenzene (pDIB, C≡N-Ph-N≡C) has been characterized 
as a first step towards photochemical studies that can test the transformation of the 
isonitrile group to other nitrogen-based functionalities.  pDIB was found to have a 
excitation spectrum dominated by Herzberg-Teller vibronic coupling to a nearby second 
electronic excited state, and the S0-S1 origin was found to be weak, due to the near 
cancellation of the transition dipole moment upon electronic excitation.  The 
phenylcyanomethyl radical (PCM, Ph-ĊH-C≡N), a doubly resonance-stabilized radical 
(RSR), was also spectroscopically characterized for the first time.  The ionization 
potential, excited state lifetime, and rotational band contour of PCM at the D0-D1 
electronic origin were obtained.  The spectroscopy of (E)- and (Z)-phenylvinylnitrile 
((E)- and (Z)-PVN, Ph-CH=CH-C≡N), structural isomers of the simplest polycyclic 
aromatic nitrogen heterocycle (PANH) quinoline, was also characterized.  Both (E)- and 
(Z)-PVN were found to be planar in the ground and first excited electronic state.  (E)-
xviii 
PVN was found to participate in extensive Duschinsky mixing, whereas Duschinsky 
mixing was not as prominent in (Z)-PVN.  The spectral signatures for (E)- and (Z)-PVN, 
were additionally used to carry out ultraviolet hole-filling (UVHF) experiments to test for 
the formation of quinoline through photoisomerization.  Lastly, the microwave 
spectroscopy of 4-pentenenitrile (CH2=CHCH2CH2C≡N), 4-pentynenitrile (N≡C-CH2-
CH2-C≡CH), and glutaronitrile (N≡C-CH2-CH2-CH2-C≡N) was studied.  Microwave 
transitions of each molecule were assigned to particular conformations, providing high 
resolution microwave data that can be used in future microwave searches for their 
presence in Titan and elsewhere in interstellar space. 
1 
CHAPTER 1:  INTRODUCTION 
1.1. Studying Titan: Motivation and Status Quo 
 Titan is the sixth moon of Saturn, and its atmosphere is surrounded by a dense 
optical haze that is orange in color.  Scientists are interested in the chemistry of Titan 
because they seek to understand (1) the complex atmospheric chemistry that leads to the 
observed orange haze as well as understand (2) the chemistry that may have occurred on 
prebiotic Earth, due to Titan's status as a model system of primordial Earth.  In studying 
both of these areas, nitrogen-containing functionalities are thought to play important 
roles. 
1.1.1. Titan's Characteristics and Atmospheric Chemistry 
 The atmosphere of Titan comprises of about 98% nitrogen (N2), 1.5% percent 
methane (CH4), and traces of other organics.
1  Similar to the water cycle on Earth, Titan 
is known to have a methanological cycle with methane clouds and lakes filled with 
ethane, methane, and traces of other organics.1-3  Aside from the organics lakes, Titan's 
surface is known to have a frozen water crust with traces of organics.1-3  Furthermore, a 
water ocean with dissolved organics exists just underneath the surface of Titan, below 
which is a layer of water-ice mixtures, followed by an ice-rock mixture.3  Titan is also 
known to have a reducing atmosphere, much like early Earth, which was partially 
reducing prior to the emergence of life.2, 4  With (1) a nitrogen dominated atmosphere 
containing trace organics, (2) a methanological cycle analogous to Earth's hydrological 
cycle, and (3) a partially reducing atmosphere, Titan is regarded as a model system by 
scientists for the study of primordial Earth.  As such, Titan is a modern "laboratory" to 
learn about the chemical processes present prior to the origin of life on Earth. 
2 
 Titan's chemistry takes place via ion and neutral pathways.  Though chemistry on 
Titan can be initiated via the bombardment of N2 and CH4 with energetic particles, the 
atmospheric chemistry of Titan is predominantly driven via the absorption of solar 
radiation.  Photolysis of N2 ( ≤ 100 nm) and CH4 ( ≤ 150 nm) initiates much of the 
photochemistry in Titan's atmosphere and leads to the formation of other small organic 
molecules that are either open or closed shell neutrals, and/or ions.1  Some of the 
photoproducts generated in the atmosphere of Titan include C2H6, C2H4, C2H2, C4H2, and 
nitrile species such as HCN, HC3N, C2N2.
1  These photoproducts absorb longer 
wavelengths (which have not been absorbed by the N2 and CH4) and can undergo 
photochemical reactions of their own.  Amongst the various photoproducts lie nitrile 
molecules, which are unique because the nitrile functionality is quite stable when formed, 
relative to other organic functionalities.5  Our interest specifically lies in studying nitrile 
intermediates because they are less well-characterized and their chemical evolution to 
other nitrogen-containing organic functionalities is less well-understood (see Section 
1.1.2.).  In pursuing these studies, we hope to contribute to the understanding of 
formation processes for (1) nitrogen-containing, prebiotically relevant molecules and (2) 
structurally enigmatic tholins, which are also thought to be nitrogen-containing, and 
responsible for the orange haze of Titan. 
1.1.2. Studying the Atmosphere of Titan 
 In the field of atmospheric chemistry, an atmosphere of interest can be studied 
either via observation, theoretical models, and/or laboratory experiments.6  Observations 
and analysis of Titan data is not easy to obtain due to the difficulties of reaching the site.  
However, the observations from Titan can help provide boundary conditions for 
laboratory work and assess the validity of theoretical models of the atmosphere.6  For 
example, the Cassini mission has provided invaluable data that has deepened 
understanding of Titan's atmosphere.7 
 Theoretical models are comprised of hundreds of chemical reactions that are 
based on laboratory studies.  These models incorporate rate constants, product branching 
3 
ratios, photochemical quantum yields, absorption profiles, diffusion rates, etc., and rely 
heavily on laboratory-based experiments and observations for input data and parameters.  
Theoretical models, provided they well-represent the atmosphere, can provide predictions 
about molecular constituents that should be present in sufficient concentrations to be 
observed.6  Current photochemical models can account for many small hydrocarbons and 
nitriles, but discrepancies remain amongst various models.  For example, due to the 
absence of laboratory data, Krasnopolsky attempts to provide a complete model by 
postulating a route towards the formation of pyridine in Titan's atmosphere: C3N + C2H6 
→ C5H5N + H.
8  The same reactants, however, are predicted to form HC3N and C2H5 in a 
model by Yung years earlier.9  Thus, these models need to be refined with the aid of 
laboratory experiments to obtain an accurate simulation of Titan's photochemistry.  
Furthermore, there is a pressing need to expand these models (and consequently 
laboratory experiments) to include a larger molecular size regime, where prebiotically 
relevant molecules enter the reaction schemes, and an understanding of tholin formation 
can arise.  In this increased molecular size regime, isomers (structural, conformational, 
etc.) become increasingly important due to their different reactivities.  However, much 
less is known about chemical composition and reactive pathways to and from larger 
molecules, and oftentimes hydrocarbon and nitrile photochemical products are simply 
designated as forming "polymer" product, with no clear chemical and isomeric identity. 8, 
10-13 
 Aside from providing valuable input data to theoretical models and helping refine 
them, laboratory studies can also provide an experimental database for future observation 
missions via spectroscopic characterization.6  With regards to laboratory experimentation, 
one can imagine that there are a multitude of molecules that the community can study, 
and such a task may be daunting at first.  Studying molecules by brute force is 
cumbersome, and perhaps a better strategy for laboratory-based studies is to study the 
chemistry and photochemistry of particular reactive intermediates that are thought to be 
key in the chemistry of Titan's atmosphere.  This thesis will follow the latter strategy, and 
Section 1.2. will outline the dissertation projects undertaken towards elucidating Titan's 
nitrogen-based chemistry. 
4 
1.2. Organization of Thesis 
 The goal of this dissertation is to study nitrile/isonitrile molecules that are thought 
to be important reactive intermediates en route towards tholins and/or prebiotically 
relevant molecules in order to gain a better understanding of these chemical pathways in 
Titan's atmosphere.  Chapter 2 provides information on the experimental apparatuses and 
techniques used to carry out the work in this dissertation.  Chapter 3 provides the 
spectroscopic characterization of para-diisocyanobenzene (pDIB, C≡N-Ph-N≡C).  pDIB 
is of particular interest due to its possession of two isonitrile groups.  In contrast to the 
ultra-stable nitrile functional group, which may be more difficult to photoprocess, the 
isonitrile group provides a fascinating alternative to incorporating nitrogen into various 
organic functionalities that may be pertinent in Titan's atmosphere.   
 
  
 Chapter 4 describes the spectroscopic characterization of the phenylcyanomethyl 
radical (PCM, Ph-ĊH-C≡N), which is proposed to be an important candidate in the 
formation of larger molecules in Titan's atmosphere.  PCM is a doubly resonance-
stabilized radical and is the nitrile analog of the 1-phenylpropargyl radical (1PPR, Ph-
ĊH-C≡CH).  Its characterization helps contribute data on nitrile species, which are 
generally less well-understood than their hydrocarbon counterparts.   
 
  
 Chapter 5 presents the results of the spectroscopic characterization of (E)- and 
(Z)-phenylvinylnitrile ((E)- and (Z)-PVN, Ph-CH=CH-C≡N).  (E)- and (Z)-PVN are 
structural isomers of quinoline, and as such, (E)- and (Z)-PVN are thought to be 
important reactive intermediates that may photoisomerize to quinoline.  The 







hole-filling (UVHF) experiments that tested the formation of quinoline upon (E)- and 
(Z)-PVN photoexcitation, the results of which are also discussed in Chapter 5.  The study 
on (E)- and (Z)-PVN is an extension of previous Zwier group studies on the spectroscopy 
and photochemistry of (E)- and (Z)-phenylvinylacetylene ((E)- and (Z)-PVA, Ph-




 Chapter 6 contains the microwave spectroscopy of the molecules 4-pentenenitrile 
(CH2=CHCH2CH2C≡N), 4-pentynenitrile (N≡C-CH2-CH2-C≡CH), and glutaronitrile 
(N≡C-CH2-CH2-CH2-C≡N).  The characterization of these molecules provides the 













(E)-phenylvinylnitrile ((E)-PVN) (Z)-phenylvinylnitrile ((Z)-PVN) quinoline
6 
 
 4-pentenenitrile is thought to be an important recombination product of the allyl 
and cyanomethyl radical, and 4-pentynenitrile is anticipated to be the recombination 
product of the propargyl and cyanomethyl radicals.  Moreover, 4-pentynenitrile is a 
structural isomer of pyridine (C5H5N), a simple nitrogen heterocycle. The 
characterization of 4-pentynenitrile also serves as a first step in studies aimed at 
exploring 4-pentynenitrile photoisomerization to pyridine.   Glutaronitrile is a potential 
product from the reaction of the cyanomethyl and cyanoethyl radicals, and furthermore 
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CHAPTER 2:  EXPERIMENTAL METHODS 
 This chapter will provide a general description of the methods that were 
commonly used throughout the various projects in this dissertation.  Techniques that are 
specific to particular projects will be described in their respective chapters. 
2.1. Supersonic Expansion 
 The samples under study are prepared in collision-free conditions in the gas 
phase.  To achieve this end, supersonic expansion is used as a means.1-3  The analyte of 
interest is loaded onto either cotton or glass wool, and placed directly into the sample 
holder in either a Series 9 general valve (fluorescence chamber, Section 2.2.1.) or a 
Jordan Valve (time-of-flight mass spectrometer chamber, Section 2.2.2.).  When a sample 
has sufficient vapor pressure at room temperature (Series 9 general valve) or 45˚C (20 
Hz, Jordan valve operating temperature), no heating is required; if the sample does not 
have sufficient vapor pressure under these conditions, it may be heated by utilizing a 
Variac in conjunction with a heating rope.  In the event that the sample has too high of a 
vapor pressure under normal operating conditions of the Jordan valve, the valve can be 
equipped with an external sample holder such that the sample is not directly heated to 45 
˚C.   
 The sample is then entrained in a high backing-pressure gas (He at 3.8 bar total, 
or Ar at 1.7 bar total) and expanded through a small orifice (500-800 m diameter) into 
the vacuum chamber.  Upon expansion into the chamber, the sample undergoes many 
collisions with the backing gas, thereby removing internal energy from the molecule i.e. 
cooling the molecule down to its zero-point vibrational energy level in the ground state. 
The supersonic expansion also leaves the molecules isolated and collision-free.  These 
9 
cold molecules are ideal for gas phase spectroscopy because the number of transitions 
they can undergo are minimized, thereby simplifying their spectra for assignment.   Once 
the molecules are prepared, their spectroscopy can be investigated with either 
fluorescence or ionization-based detection.   
2.2. Vacuum Chambers 
 The Zwier laboratory is equipped with vacuum chambers that enable either 
fluorescence or ionization-based detection.  In the case where a molecule has a high 
fluorescence quantum yield or is difficult to ionize, the fluorescence chamber provides a 
highly sensitive means for exploring the spectroscopy of molecules, limited only by the 
lack of mass resolution.   This mass resolution is key in cases where the sample is 
believed to be impure or suspect to thermal degradation.  An alternative to the 
fluorescence chamber is the time-of-flight mass spectrometer (TOF-MS) chamber, which 
readily provides for the collection of data with mass resolution.  A brief overview of the 
fluorescence chamber and TOF-MS chamber are provided below. 
2.2.1.  Fluorescence Chamber 
 A schematic of the fluorescence chamber is presented in Figure 2.1.  Timings for 
the laser, pulsed valve, and electronics were all controlled via triggers generated by a 
digital delay pulse generator (Berkeley Nucleonics Corporation Model 555).  The 
chamber is pumped down to a pressure of about 10-30 millitorr by a Rootsblower system 
that is backed by two mechanical pumps.   Once the chamber is pumped down, the 
sample is entrained in a high backing pressure gas (typically 3.8 bar He) and 
supersonically expanded into the vacuum chamber through a 500-800 m orifice.  
Typically, PEEK poppets are used for temperatures above 90 ˚C, and either Teflon or 
KEL-F poppets are used for temperatures below 90 ˚C. 
 The frequency doubled output of a dye laser is then introduced into the 
fluorescence chamber through baffle arms, and the laser is aligned and timed to interact 
10 
with the cold, isolated molecules.  Upon absorption of a resonant photon, the molecule 
can fluoresce; this total fluorescence is collected by two spherical mirrors, and then exits 
the chamber through a hole on the bottom spherical mirror.  The total fluorescence is then 
collimated and can be directed into two separate detection schemes: 1) towards a 
photomultiplier tube (PMT) for laser induced fluorescence (LIF) studies, or 2) through a 
monochromator (Spex Jobin Yvon 750i) towards a charge-coupled device (CCD) camera 
for dispersed fluorescence (DFL).  The fluorescence chamber is equipped with a 
translation stage with mirror that facilitates the easy switch between LIF (translation 
stage in) and DFL experiments (translation stage out). 
 In the case of LIF experiments, the current output from the PMT is sent to a 
Tektronix oscilloscope where the fluorescence is gated and read by LabView software on 
a personal computer.  Longpass cut-off filters (typically chosen to be ~10 nm to the red 
of the tuning region) are placed in front of the PMT in order to minimize the effects of 
scattered light.  In the event that scattered light is prominent, the fluorescence collection 
gate on the oscilloscope can also be moved off of the scattered light to increase the signal 
to scatter ratio.   
 In DFL experiments, the total fluorescence is directed into the monochromator, 
and dispersed across a grating and onto the CCD.  The monochromator (Spex Jobin Yvon 
750i) wavelength position and slitwidth are controlled by LabView software; a slitwidth 
of 100m was typically used, resulting in a resolution of about 6-8 cm-1.   The output of 
the CCD is read by software on a personal computer, and the CCD is cooled to minimize 
noise.  Cosmic rays are removed using the CCD software.  To remove the scatter light 
effects from acquisitions, a background is taken by detuning the pulsed valve time, such 
that a background can be collected and subtracted from the original data.  Both LIF and 
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2.3.2.  Resonant Two-Photon Ionization 
 Resonant two-photon ionization (R2PI) provides for the ionization and 
spectroscopic characterization of molecules in the TOF-MS (Figure 2.4).  As the name 
implies, R2PI is a two-photon process.  A first (resonant) photon takes the molecules 
from the zero-point vibrational energy level in the ground state to vibrational levels of the 
electronically excited state, and a second photon ionizes the molecule.  When the 
ionization potential of the molecule is sufficiently low, two photons of the same energy 
can be used; this process is termed one-color resonant two-photon ionization or 1C-R2PI 
(Figure 2.4).  In the case of the nitriles characterized in this thesis, the ionization 
potentials tend to be higher than their hydrocarbon analogs.  Thus, a second photon of 
higher energy is typically used to ionize the molecule with 2-color resonant two-photon 
ionization (2C-R2PI) (Figure 2.4).  A convenient second "color" is provided by an ArF 
excimer laser (EX5, GAM Laser, Inc.) at 193 nm.  In 1C-R2PI both photons are 
inherently spatially and temporally overlapped, but in the case of 2C-R2PI the spatial and 
temporal overlap of the photons must be established.  A benefit of 2C-R2PI is that 
saturation effects, which may be present in 1C-R2PI, can be removed.  When a 2C-R2PI 
experiment is set up with two dye lasers, it is possible to obtain a photoionization 
efficiency (PIE) scan of a molecule.  This is achieved by parking the resonant photon on 
a transition from the zero-point vibrational energy level in the ground state to an excited 
state, and turning the wavelength of the ionization laser until an onset of ion signal is 
observed.  The sum of the energy of the two photons used at the onset of ion signal 
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 UVD is an important variant of UV-UV HB that allows for the detection of 
radiationless transitions in LIF and transitions with reduced ionization efficiency in R2PI.  
In UVD, the hole-burn laser (10 Hz) is tuned through the spectral region of interest, and 
the probe laser (20 Hz) is parked on a particular transition.  UVD suffers from poorer 
signal to noise ratios than UV-UV HB due to the shot to shot fluctuations in the 
"constant" probe signal; in the case of UV-UV HB these fluctuations are less important 
due to the presence of signal only when the probe laser is resonant with a transition. 
2.3.4.  Broadband Chirped Pulse Fourier Transform Microwave Spectrometer 
 The Zwier group recently acquired access to the broadband chirped pulse Fourier 
transform microwave (CP-FTMW) spectrometer formerly in Dr. Brian Dian's laboratory 
(Figure 2.6).5  Since microwave spectroscopy requires that the a molecule contains a net 
permanent dipole moment, the CP-FTMW technique is a complementary tool in cases 
where molecules may be too difficult to ionize by R2PI or the molecules do not fluoresce 
well in LIF. 
 Molecules in the broadband CP-FTMW spectrometer are studied under isolated 
gas phase conditions after supersonic expansion from a Series 9 general valve (1 or 2 mm 
orifice diameter).  A sophisticated electronics train is utilized to generate and detect 
microwave radiation.  An arbitrary waveform generator (AWG, Tektronix AWG7101, 10 
Gs/s) generates a linearly swept chirped pulse from 1.875 - 4.625 GHz.  The chirped 
pulse is then filtered by a 5 GHz lowpass filter to remove higher harmonics (Lorch 
Microwave, 10LP-5000-S).  The filtered waveform is subsequently amplified (Mini-
Circuits, ZX60-613E-S+) to provide for a uniform power over the 1.875 - 4.625 GHz 
range.  The amplified waveform is then directed into a quadrupler (Phase One 
Microwave, PS06-0161) resulting in a final waveform spanning 7.5 to 18.5 GHz.  A step 
attenuator is placed after the quadrupler so that the amount of power can be controlled, 
and the output of the step attenuator is fed directly into the travelling wave tube amplifier 
(TWTA, Amplifier Research, 200 W, Model 200T8G18A).  After the TWTA, the 
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setup.  Di Zhang pioneered the setup of a fast digitizer (Guzik ADC6131-AVG) that has 
improved the ability of the Zwier group to average data with the multi-FID detection 
method, which allows for the collection of up to 20 FIDs in a single gas pulse.  In the 
traditional detection scheme, an average of 10,000 FIDs (10 μs long) would take about 30 
mins.  With the new Guzik digitizer combined with the multi-chirp technique, the time to 
take 10,000 FIDs has been reduced to about 1 min!  The timings of the AWG and pulsed 
general valve are controlled by a Masterclock (Thales Laser).  A digital delay generator 
(Stanford Research Systems DG535) is triggered by the AWG, and it is used to control 
the times at which the 200 W TWTA is turned on/off and the time at which the switch is 
open/closed.  A 10 MHz rubidium frequency standard (Stanford Research Systems 
FS725) is used to maintain phase stability in the experiment.  The collected FIDs are post 
processed and Fourier transformed via Mathcad programs written by the Dian group.  
Molecular spectra are plotted and fit via JB95. 
2.4. Computational Methods 
 Experimental spectra and computational chemistry share a symbiotic relationship.  
On one hand, the analyses of the acquired spectra throughout this dissertation are 
facilitated by computational chemistry.  Computational methods help to determine the 
excited states, energy splittings, oscillator strengths, transition dipole moments, 
frequencies, etc. for the molecules under study, thereby aiding in the interpretation of 
their spectra.  On the other hand, there are cases in which the experimental data collected 
serve as a benchmark for computational chemistry.  The computational chemistry 





2.5. Project-Specific Techniques 
 Many experimental techniques used in this dissertation are specific to particular 
projects.  As such, these project-specific techniques will be developed in the chapters that 
follow.  In the chapter on the vibronic spectroscopy of the phenylcyanomethyl radical 
(Chapter 4), a description of the supersonic expansion discharge source will be provided 
alongside excited state lifetime and rotational band contour techniques.  The 
photochemical reaction tube and UV population transfer methodologies will be presented 
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CHAPTER 3: VIBRONIC SPECTROSCOPY OF PARA-DIISOCYANOBENZENE 
3.1. Introduction 
 Titan, one of the moons of Saturn, has a photochemically driven atmosphere rich 
in nitrogen and laced with methane (~3%).1  The lack of oxygen in the atmosphere 
produces a reducing atmosphere that, under exposure to solar radiation, has produced a 
suite of organic hydrocarbons, nitriles, and isonitriles.1, 2  Thought to be a model for early 
Earth’s atmosphere, the chemical composition of Titan’s atmosphere has been the subject 
of intense investigation via planetary missions and laboratory-based investigations 
seeking to determine the nature and altitude-dependent abundances of key constituents.3 
Sophisticated photochemical models are now in place that account for many of the 
smaller hydrocarbons and nitriles, but much work remains to be done in refining these 
models and extending them to include larger molecules, where much less is known about 
the pathways and chemical composition.4-9   
 The development of the large-molecule end of the model finds its motivation in 
part from the presence of a dense optical haze that shrouds Titan.6-8  The chemical 
composition of this haze (commonly to referred to as ‘tholins’) and the atmospheric 
processes that produce it are known only in general terms.10  A role is proposed for 
aromatic hydrocarbons, polyynes, and nitriles.10  In this increased molecular size regime, 
structural isomers are more the norm than the exception.  Since these isomers are likely to 
have unique reactivity, laboratory investigations of photochemistry relevant to Titan’s 
atmosphere are increasingly turning attention to isomer-specific detection schemes.   
 Among the most elementary of structural isomers are nitriles (R-C≡N) and 
isonitriles (R-N≡C) that differ in the relative positions of the N and C atoms in the 
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isocyano derivative, para-diisocyanobenzene (CN-Ph-NC, pDIB, Figure 3.1b), carried 
out under jet-cooled conditions in the gas phase.  We combine the results of laser induced 
fluorescence (LIF), dispersed fluorescence (DFL), and resonant two-photon ionization 
(R2PI) spectroscopy to map out the Franck-Condon active and vibronically-induced 
transitions in the S0-S1 transitions of pDIB.  When joined with the dicyano derivative 
para-dicyanobenzene (NC-Ph-CN, pDCB, Figure 3.1b) and the cyano/isocyano 
derivative para-isocyanobenzonitrile (CN-Ph-CN , pIBN, Figure 3.1b, characterized by 
Joseph Korn), an interesting triad of isomers is formed, with pDCB and pDIB having no 
dipole moment and D2h ground state symmetry, while pIBN, with its incorporation of 
nitrile and isonitrile substituents on the same ring, having a calculated dipole moment of 


















Figure 3.1.  a) Structural isomers of nitrile/isonitrile mono-substituted benzenes: 
cyanobenzene and isocyanobenzene.  b) Structure of pDIB (D2h point group) that was 
specifically studied in this work, alongside the structures of pDCB (D2h point group) and 
pIBN (C2v point group). 
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 In what follows, we will compare and contrast the spectroscopic results among 
pDIB and pDCB, along with the monosubstituted analogs cyanobenzene (benzonitrile, 
C6H5CN, PhCN) and isocyanobenzene (C6H5NC, PhNC) (Figure 3.1a).  Furthermore, the 
ethynyl-substituted aromatics ethynylbenzene (phenylacetylene, C6H5C≡CH) and para-
diethynylbenzene (HC≡C-C6H4-C≡CH) are isoelectronic with their cyano/isocyano 
counterparts, and are useful further points of comparison.  A comparison to the 
spectroscopy of pIBN is beyond the scope of this work. 
 Of the monosubstituted nitrile/isonitrile benzene derivatives, Levy and 
coworkers14 have studied the perturbative effects of the nitrile group on the electronic 
spectroscopy of benzene.  Cyanobenzene has its S0-S1 origin as the most prominent 
transition in the excitation spectrum, with significant Franck-Condon activity in several 
of the ring modes typically active in the spectra of benzene derivatives.15  Vibronically-
induced transitions are present, but rather weak, involving b2 symmetry fundamentals 
capable of vibronic coupling to the S2 state, whose transition from the ground state 
carries significant oscillator strength.  Furthermore, while early studies based on low-
resolution dispersed fluorescence14 were interpreted as showing the increasing presence 
of broad, red-shifted emission attributable to charge-transfer emission, later higher-
resolution spectra by Sekiya and coworkers16 showed this broadening to be simply 
unresolved sharp transitions, leading them to conclude that charge-transfer emission was 
not present in cyanobenzene. 
 Much less is known about its isonitrile counterpart, isocyanobenzene, PhNC.  No 
jet-cooled spectrum is available for PhNC.  However, there is an absorption cell study by 
Lombardi and coworkers that explores the spectroscopy of the isoelectronic series 
ethynylbenzene, cyanobenzene, and isocyanobenzene.17  From their absorption cell 
studies, they found that the S0-S1 origin transition for isocyanobenzene was much weaker 
than in cyanobenzene, with vibronically induced transitions involving an in-plane bend of 
the isonitrile group dominating the spectrum.  Indeed, in this sense, the isonitrile 
substituent acted more like the ethynyl substituent in ethynylbenzene18 than the nitrile 
group in cyanobenzene. 
26 
 We present near-complete assignments of the major transitions in pDIB, 
identifying the isonitrile bends as major sources of vibronic coupling between S1 and S2.  
The various contributors to the dipole-allowed and vibronically induced components of 
the spectrum are considered to deduce that changes in the S0-S1 oscillator strength are the 
major source of the spectroscopy observed, with vibronic coupling similar between pDIB 
and pDCB.  
3.2. Methods 
3.2.1. Experimental Methods 
 Commercially available pDIB (Sigma-Aldrich, 98%) was entrained in 3.8 bar 
backing pressure helium and expanded through a pinhole to generate a supersonic 
expansion via a Series 9 general valve (500-800 m, LIF chamber) or a Jordan Valve 
(500 m, R2PI chamber) to collisionally cool the molecules down to their zero-point 
vibrational energy level in the ground state.  To obtain sufficient vapor pressure, the 
sample was heated between 60-80 ˚C in the general valve and between 45-55 ˚C in the 
Jordan valve.  After cooling, the molecules were interrogated using laser spectroscopy via 
both fluorescence and ionization-based detection schemes. 
 In LIF, the frequency doubled output of a Nd:YAG pumped dye laser is used to 
promote the molecules to the excited state, and the total fluorescence from the molecules 
is collected and plotted as a function of excitation wavelength, thereby generating an 
excitation spectrum.  The ionization based counterpart to LIF is R2PI.  In R2PI, two 
photons are used to ionize a molecule of interest, and the total ion signal is collected as a 
function of excitation wavelength by a microchannel plate at the end of a time-of-flight 
mass spectrometer.  In the case of the disubstituted benzene studied here, a first resonant 
photon (supplied from the frequency doubled output of a Nd:YAG pumped dye laser), 
and a second photon of higher energy (193 nm from a ArF excimer laser) were used to 
ionize the molecule due to the high ionization potential of the pDIB.  When the ground 
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state information about the molecule was desired, DFL spectra were collected by fixing 
the excitation wavelength on a particular transition, and dispersing the total fluorescence 
into individual components across a grating on to a CCD or iCCD camera. 
3.2.2. Computational Methods 
 Geometry optimizations and harmonic vibrational frequency calculations were 
carried out for the ground and first excited singlet state of pDIB using DFT and TD-DFT 
calculations that employed the B3LYP functional and 6-31+G(d) basis set.  The Gaussian 
09 suite of programs was used for this purpose.19  Molecular orbitals were visualized 
using Chemcraft Software.20 
3.3. Results and Analysis 
3.3.1. Calculations 
 Figure 3.2 summarizes the key structural parameters of the optimized structures 
calculated for the S0 and S1 states of pDIB.  The Merz-Kollman charges
21 associated with 
the isonitrile groups and phenyl carbons to which they are attached are included in the 
figure and were calculated at the DFT B3LYP/6-31+G(d) level of theory.  As the 
zwitterion resonance structure would indicate, the isonitrile group has a charge 
distribution of +0.40 on the nitrogen and -0.42 on the carbon. 
 The optimized ground state geometry for pDIB has D2h symmetry ( (
1Ag)), and 
its 36 normal modes consist of seven ag, a single b1g, four b2g, six b3g, two au, six b1u, six 
b2u, and four b3u vibrations.  Vibrations that involve the isonitrile groups in substantial 
ways come in g/u pairs with similar frequency, differing in the phase of oscillation of the 
atoms in the two substituents. 
 Vertical TD-DFT B3LYP/6-31+G(d) calculations predict a * first excited state 
of pDIB, (1B2u), with an allowed b-axis polarized electronic transition from S0, but very 
28 
small oscillator strength (f=0.0012).  As anticipated for phenyl derivatives, the optimized 
excited state geometry of pDIB is similar to that in the ground state, with expansion of 
the ring associated with the * excitation, slight elongation of the NC bonds (by ~0.01 


























Figure 3.2.  Optimized (DFT B3LYP/6-31+G(d)) ground and S1 excited state geometries 
for pDIB.   All bond lengths are in angstroms (Å), and the difference between excited and 
ground state bond lengths is indicated in parentheses for important bonds.  Atomic 
charges are presented in red next to select atoms, and were computed using the Merz-
Kollman scheme.  See text for further details. 
 The vertical TD-DFT B3LYP/6-31+G(d) calculations for pDIB also predict the 
presence of a nearby second excited state of B1u character that has a much larger 
oscillator strength (f = 0.533).  Vertical splitting calculations place the S2 state some 
1,196 cm-1 above S1 at the ground state geometry for pDIB.  Attempts to optimize the S2 
state of pDIB produced structures with energies below the B2u state, counter to 
experiment (see 3.3.2.).  This swap in the energy ordering of S1 and S2 states via TD-DFT 
methods was found previously in the isoelectronic diethynyl substituted benzene.22  Due 
to the vertical TD-DFT prediction of a nearby, high oscillator strength second excited 
state, Herzberg-Teller vibronic coupling of b3g modes was carefully considered when 
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 The S0-S1 origin is assigned to the very weak transition at 35,566 cm
-1, which is 
seen most clearly in the magnified view shown in the inset of Figure 3.3.  Ultraviolet 
hole-burning (Figure 3.5a) and backing pressure (Figure 3.5b) studies indicated that this 
transition, and the other two bands +162 and +350 cm-1 above it were not hot bands, but 
had weak intensity relative to the dominant transition at 36,024 cm-1 (+458 cm
-1).  In 
order to acquire hole-burn spectra, the hole-burn laser wavelength was fixed on the +458 
cm-1 transition (marked with an asterisk in Figure 3.5a), and the difference signal was 
recorded while the probe laser was tuned through the region of interest.  The transition at 
35,566 cm-1 showed up clearly in the UV-UV HB spectrum, confirming it as the S0-S1 
origin of pDIB, with the transition at +350 cm-1 attributed to vibronic activity.  The 
transition at +162 cm-1 is not present in the R2PI spectrum, perhaps reflecting that the 
LIF spectrum (Figure 3.3) may be somewhat saturated.  Despite its absence, the spectrum 
shown in Figure 3.5b, recorded at lower backing pressure in order to identify hot band 
transitions, showed that the transition at +162 cm-1 is a cold band, and thus should be 
identified as a weak transition built off the S1 origin. 
Table 3.1. Assignments for para-diisocyanobenzene vibrations 
para-diisocyanobenzene (pDIB) 
    ground state frequencies  excited state frequencies
mode symmetry expt. calc.a expt. calc.b 
4 (ν C-X) ag 1207 1235 1187 1233 
6 (ring breath, 1) ag 826 834 766 780 
7 (ring def., 6a) ag 393 394 350 341 
16 (ring def., 6b) b3g 650 659 596 605 
17 (β N≡C) b3g 501 515 458 418 
18 (β C-X) b3g 183 162
c 179 
a  Ground state calculations were performed using density functional theory with the 
B3LYP functional and a 6-31+G(d) basis set.  Frequencies are unscaled.   
b Excited state calculations were performed using time dependent density functional 
theory using the B3LYP functional and a 6-31+G(d) basis set.  Frequencies are unscaled.   
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with S1 frequencies of 162 cm
-1 (tentatively assigned to 1810), 596 cm
-1 (1610) and 3,104 
cm-1 (tentatively assigned as 1310) serve as false origins for other progressions and 
combination bands involving 4,6-7.  Taken together, these account for the majority of the 
most intense transitions in the excitation spectrum. 
 To aid in the assignment of the excitation spectrum, DFL spectra of the origin and 
many other prominent transitions in the excitation spectrum were collected.  When 
examining the DFL spectra, the presence of Herzberg-Teller vibronic coupling is 
unequivocally evident in the emission spectrum of the transition at +458 cm-1, shown in 
Figure 3.6.  This transition exhibits strong Δv = ±1 emission in a vibration of ground state 
frequency 501 cm-1, and this emission pattern is characteristic to Herzberg-Teller 
vibronic coupling.  Using the Mulliken notation scheme,23 we assign the transition at 
+458 cm-1 as 1710, a b3g fundamental involving the in-plane bending of the isocyano 
substituents.  The form of this normal mode is shown in Figure 3.4b.  The prominent 1712 
(-1,002 cm-1) and 171116
0
1 (-1,151 cm
-1) transitions in the +458 cm-1 DFL spectrum serve 
as false origins upon which other Franck-Condon vibronic activity involving ag modes 
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3.9c) is remarkably similar to 1710 (Figure 3.9a) in the first 1,200 cm
-1 of the spectrum, 
signaling the presence of one quantum in 17.  A modulation in the intensity of the 171061n 
progression is also apparent, though the intensities of these transitions are likely affected 
by interference effects between the S1 and S2 components of the vibronically mixed 
excited state wavefunction.  It is also possible that 17106
1
0 is in Fermi resonance with 
1510, another b3g fundamental with predicted excited state frequency of 1,317 cm
-1, 
producing v15 = ±1 transitions that land in 150 or 152, the latter of which is beyond the 
endpoint of the spectrum.  A more detailed investigation of this possibility awaits future 
work. 
 Finally, the assignment of the transition at 3,104 cm-1, which serves as a false 
origin for Franck-Condon activity involving ν4,6 remains.  We do not have a firm 
assignment for this transition, and as such, it is denoted as A10 in Figure 3.3.  A candidate  
assignment for the +3,104 cm-1 transition is the 1310 b3g fundamental for the following 
reasons: (i) theory predicts a C-H stretch fundamental near 3,233 cm-1, which upon 
scaling by the typical scale factor at this level of theory26 (0.9636), results in a predicted 
transition near 3,115 cm-1 and (ii) 3,104 cm-1 has progressions and combination bands 




0 b3g fundamentals.  However, there 
is little by way of precedence for vibronic coupling involving CH stretch modes in 
aromatics, nor does the mode have any significant component of CN bend to its motion, 
which is present in the other vibronically coupled b3g modes (ν16-18). 
 Given the dominant role played by vibronic coupling of S1 with S2, and the large 
calculated oscillator strength for the S0-S2 transition, a search for the S0-S2 origin was 
carried out.  We were guided in this search by the case of ethynylbenzene, where the S2 
state was located 41,955 cm-1, 6,076 cm-1 above S1.
18, 27  Figure 3.10a presents the LIF 
excitation spectrum of pDIB in the 41,320 - 42,550 cm-1 region, some 5,754 - 6,984 cm-1 
above the S1 origin.  An intense set of closely-spaced transitions was detected, centered 
on 41,710 cm-1, some 6,145 cm-1 above the S1 origin.  We tentatively assign this to the 
S0-S2 origin, due its large intensity and isolated frequency well above the last S0-S1 
transition.  The absence of an overlapping transition makes it difficult to accurately 
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3.4.1. Detection in Titan's Atmosphere 
 Since both aromatics and nitriles are known to be present in Titan’s atmosphere, it 
is natural to postulate the presence of aromatic nitriles as other constituents in the 
atmosphere.  Furthermore, the large barrier to isomerization of isonitriles to nitriles raises 
the prospect that isonitriles, once formed, would be stable relative to isomerization for 
long enough timescales to engage in unique reactions that could lead to incorporation of 
the nitrogen atom into structures of prebiotic relevance. Due to their large bond dipoles, 
isonitriles typically have large permanent dipole moments, making them detectable in the 
microwave or millimeter wave regions.  However, when symmetry exists, as it would in 
pDCB or pDIB, microwave detection is not possible.  All the aromatic nitriles included in 
the series PhCN, PhNC, pDCB, and pDIB have ultraviolet spectra with sharp vibronic 
structure that enable their isomer-specific detection.  The present study has contributed 
towards the series of singly- and para-substituted nitriles and isonitriles, which have 
shown unique spectroscopic signatures. 
 The UV spectra are useful beyond their potential role as spectroscopic signatures, 
in that these same UV absorptions also can serve as the basis for selective photochemical 
reactions.  In particular, one avenue open to the isonitriles is UV-induced isomerization 
to their nitrile counterparts.  Since the UV absorption begins at about 35,000 cm-1 (286 
nm), absorption of a UV photon places ~400 kJ/mol into the molecule.  If internal 
conversion to the ground state is facile, it would produce a vibrationally excited ground 
state molecule with energy significantly in excess of the calculated barriers for isonitrile 
to nitrile interconversion (34 kcal/mol = 142 kJ/mol).13  An energy level diagram for the 
photoisomerization is included in Figure 3.11.  One would anticipate that each 
isomerization could occur independently along the separate hindered rotation coordinate 
for the NC group.  It would be interesting to follow this photoisomerization from 
pDIB→pIBN→pDCB, a task left for future work.  Here, we simply offer 













































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3.4.2. Comparison of Vibronic Spectroscopy of Isoelectronic Series 
 The present results on the vibronic spectroscopy of pDIB contribute to a series of 
studies of mono- and para di-substituted nitrile and isonitrile benzene derivatives.14, 17, 28, 
29  We are thus afforded an opportunity to compare and contrast the UV spectroscopy of 
the members of the series.  Table 3.2 summarizes some of the key results.  The table also 
includes data for the isoelectronic ethynyl-substituted analogs ethynylbenzene and para-
diethynylbenzene. 
 Using the S0-S1 origin of benzene as the ‘zero’ for a relative wavenumber scale, 
the electronic frequency shifts of the S0-S1 electronic origins of cyanobenzene (= -
1,570 cm-1) and isocyanobenzene ( = -1,380 cm-1) are similar, with the shift for nitrile 
substitution about 10% greater than isonitrile.  The analogous frequency shifts for the 
disubstituted pair fall into the order one would predict based on the monosubstituted pair, 
with (pDCB)) > (pDIB), and the magnitude of the shifts just less than twice that of 
the monosubstituted members. 
 pDIB has a sharp S0-S1 vibronic spectrum that extends over several thousand 
wavenumbers, with transitions having significant intensity out to almost 5,000 cm-1 
above the S1 origin.  This vibronic structure contains transitions arising from Franck-
Condon activity that reflect the change in geometry between ground and excited states 
and involving non-totally symmetric fundamentals that gain intensity from vibronic 
coupling between the S1 and S2 states. 
 One of the most striking aspects of the comparison between the four members of 
the nitrile/isonitrile series is the very different relative intensities of the dipole-allowed 
and Herzberg-Teller induced portions of the spectrum.  Due to the high oscillator strength 
of the S0-S2 transitions in these molecules, even a small amount of vibronic coupling can 
mix in sufficient S2 character to induce large transitions in the S0-S1 spectrum, as we see. 
 All four members of the nitrile/isonitrile series have in-plane NC/CN bending 
mode fundamentals of the right symmetry to vibronically couple S1 and S2 states, and in 
every case these bending modes are a principal means of doing so, with intensities larger 
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* transition.  First-order vibronic coupling to the S2 state occurs via non-totally 
symmetric fundamentals (b2 in PhCN and b3g in pDCB), and is comparatively weak.  In 
particular, I(000)/I(10) = 4.7 and ~45 for PhCN and 3.4 for pDCB (Table 3.2). 
 By contrast, in pDIB, with its pair of para-substituted isonitrile groups, the S0-S1 
electronic origin is very weak to the point of being barely discernible in the spectrum 
(Figure 3.3), with vibronic coupling accounting for the most intense transitions in the 
spectrum.  In the Results and Analysis section, the most intense transition in the spectrum 
of pDIB, located 458 cm-1 above the origin, was assigned to the b3g in-plane NC-bending 
fundamental 17 (Figure 3.6).  As a result, the origin/10 intensity ratio is more than a 
factor of 110 times smaller (~0.03) than in PhCN and pDCB. 
 The final molecule, PhNC, which contains one isonitrile group, takes the middle 
ground, with intensity ratios I(000)/I(10) of about 0.43 and 0.75 (Table 3.2).  In the case 
of PhNC, studied by Muirhead et al., this ratio is estimated from the room temperature 
absorption spectrum shown in one of their figures.17   Furthermore, the diethynyl analog 
pDEB also has a similar intensity ratio (Table 3.2), and so also appears to belong to this 
same sub-group.22 
 That this I(000)/I(10) intensity ratio changes by more than a factor of 100 in the 
disubstituted nitrile/isonitrile (pDCB/pDIB) series is rather remarkable, given how 
similar the molecules in the series are in so many other ways.  Within Herzberg-Teller 
theory,30 the contribution to the transition moment due to vibronic coupling for a vibronic 





           (1) 
where M01 and M02 are electronic transition moments for the S0-S1 and S0-S2 transitions, 
respectively, and 2 are the S1 and S2 excited state electronic wave functions, 0 and 
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1 the vibrational wave functions in S0 and S1, and E12 is the energy separation between 
the S1 and S2 states involved in vibronic coupling.  If we define 
	
           (2) 





           (3) 
where we have subsumed the integral over into the constant of proportionality, 
recognizing that it accounts for the v = ±1 selection rules if the form of  is not changed 
significantly between S0 and S1 states.  In eqn. (3) f01 and f02 are the oscillator strengths 
of the S0-S1 and S0-S2 transitions, respectively. 
 Equation (3) shows explicitly the terms that contribute to changes in the origin/10 
intensity ratio, which are taken as representative of the ratio of dipole-allowed to 
vibronically induced contributions to the spectrum.  This intensity ratio can vary due to 
(i) changes in the inherent oscillator strengths for the S0-S1 or S0-S2 transitions, (ii) the 
size of the Herzberg-Teller coupling matrix element between S1 and S2 (related to 12), 
and/or the energy separation E12 between S1 and S2. 
 Table 3.2 includes calculated values for the factors contributing to the origin/10 
intensity ratio from equation (3), for all members of the series.  The vertical splittings 
E12 are similar within the pDCB/pDIB series, as are the S0-S2 oscillator strengths.  The 
column marked  lists calculated estimates of the relative transition moment 
derivatives along each of the indicated bending fundamentals.  These were calculated by 
mapping out the transition moment vector Me(Q) for small displacements from 
equilibrium along each bending mode, and taking the slope at Q=0.  As anticipated, the 
induced transition moment upon displacing along the bending coordinate is primarily 
along the ‘a’ axis, indicating mixing of S1 (b-axis polarized) with S2 (a-axis polarized).  
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However, these calculated transition moment derivatives in the disubstituted series differ 
by no more than a factor of two, and therefore cannot account for the greater than 100-
fold increase in the I(000)/I(10) intensity ratio. 
 What does change dramatically between pDIB and pDCB is the S0-S1 oscillator 
strength f01.  The variations in f01 identify the small intensity ratio I(0
0
0)/I(10) in pDIB 
with the very small S0-S1 oscillator strength and correctly predicting pDCB largest, as 
observed experimentally.  Thus, the dominant reason for the observed changes in the 
ratio of dipole-allowed to vibronically-induced components to the spectra is the changes 
in the oscillator strength in the S0-S1 transition.   
 In seeking an explanation for the dramatic changes in the inherent oscillator 
strengths of the S0-S1 transitions, TD-DFT calculations were carried out on the S0-S1 
transitions of interest that identified the single-electron transitions responsible for them.  
As Table 3.3 shows, in all the S0-S1 transitions of interest, two single-electron transitions 
contribute.  The molecular orbitals responsible for these transitions are shown in Figure 
3.13 for pDIB, while the analogous orbitals for the whole set of molecules are included in 
Figures 3.14 and 3.15.  As is apparent from Figure 3.13, the single electron transition 
between molecular orbitals 32 and 34 moves electron density from “off-axis” carbons 
onto the two isonitrile substituents, with transition dipole moment along the ‘b’ axis.  For 
the 33→35 transition, the electron density moves in the opposite direction from the 
substituents to the off-axis carbons.  Since the S0-S1 transition is a nearly equal mixture of 
32→34 and 33→35 (with coefficients +0.519/-0.479), the resulting over-all TDM cancels 
nearly perfectly, resulting in a calculated oscillator strength very near zero (f01(pDIB) = 
0.0012), despite the fact that it is a dipole-allowed transition by symmetry.  This is 
similar to the make-up calculated for pDEB (0.482/0.515), which also has an oscillator 
strength very near zero (f01 = 0.0010).   In pDCB, the MOs are very similar in shape 
(Figure 3.15), but the contributions from the two one-electron transitions are no longer 
nearly equal, with values of +0.608/-0.358 in pDCB.   The calculated oscillator strengths 
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3.4.3. Multi-mode Vibronic Coupling and Duschinsky Mixing 
 Up to this point, the focus has been on the bending fundamentals that dominate 
vibronic coupling between S1 and S2.  These arguments, however, ignore the interference 
effects that can arise when multiple non-totally symmetric vibrations are involved in 
vibronic coupling.  As Small has pointed out in his classic paper,25 the presence of 
multiple non-totally symmetric modes vibronically coupled to the nearby S2 state will 
necessarily result in Duschinsky mixing between the modes.   This Duschinsky mixing is 
evident in ν16-17 in pDIB in the presence of cross-sequence bands in the DFL spectra from 
the 1610/17
1
0 levels of pDIB (Figure 3.9a,b).  In addition to the ‘pure’ v = +1 transitions 
1612 (Figure 3.9b) and 17
1
2 (Figure 3.9a), transitions to the 161171 level are also clearly 
evident in both spectra. 
 Furthermore, Small also developed arguments that in the presence of multi-mode 
vibronic coupling, a lack of mirror symmetry should exist between the intensities of the 
vibronically-induced fundamentals in the excitation spectrum and origin DFL spectrum, 
due to interference effects.25  These asymmetries are present in the spectra pDIB, 
sometimes in dramatic fashion. For example, modes 16 and 17 in pDIB are both b3g 
symmetry and are engaged in vibronic coupling, with mode 16 a 6b-like in-plane ring 
distortion and mode 17 the isonitrile bend .  In excitation (Figure 3.3), their intensity 
ratio  6.4 , while in emission from the S1 origin (Figure 3.7),  2.0.  
Small25 and Hollas and coworkers31 have developed expressions for multi-mode vibronic 
coupling that show explicitly how these intensity asymmetries might arise.  Their 





I( ) I( )
I( ) I( )
a a
b b
  when the vibronically-induced 
transition moment vectors ma and mb are antiparallel, and that the inequality of intensity 
ratios is reversed when ma and mb are parallel.  Thus, the large asymmetry in the intensity 
ratios for these modes arises from their induced moments being anti-parallel, and similar 
in size, so that interference effects are large. 
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3.5. Conclusion 
 The vibronic excitation spectrum of para-diisocyanobenzene (pDIB) has been 
recorded under jet-cooled conditions over the 35,000 - 42,500 cm-1 region.  pDIB is 
calculated to be 159 kJ/mol less stable than the para-dicyanobenzene isomer studied 
previously by Kaya and coworkers and Levy and coworkers.28, 29  UV excitation of pDIB 
produces a sharp spectrum that reaches several thousand wavenumbers above the S0-S1 
electronic origin. The major vibronic features in the spectrum were identified and 
assigned with the aid of dispersed fluorescence spectra, previous studies of analogous 
molecules, and the predictions of DFT calculations.  The spectrum displays evidence for 
strong vibronic coupling of the S1 state with S2, mediated through bending mode 
fundamentals involving the isonitrile groups.  Dispersed fluorescence spectra were 
recorded to aid in the assignments.  In pDIB, the S1 origin is extremely weak due to the 
near-equal but opposing contributions from two one-electron transitions, leading to a 
near-perfect cancellation of the S0-S1 transition dipole moment, despite its symmetry-
allowed character ( (A1g)→ (B2u)).  The b3g NC bending fundamental is responsible for 
much of the vibronic coupling to S2, dominating the spectrum.  Photoisomerization is 
postulated as a mechanism for conversion of pDIB to pDCB (via a pIBN intermediate), 
suggesting that, if pDIB is formed in Titan’s atmosphere, it may interconvert by solar 
irradiation to the more stable nitrile counterparts. 
3.6. Future Work 
 The characterization of pDIB in this work and the characterization of pIBN by 
Joseph Korn provides the necessary foundation to carry out experiments that test the 
pDIB→pIBN→pDCB photoisomerization pathway, which can be carried out utilizing 
ultraviolet population transfer spectroscopy.32  In addition to these photochemistry 
experiments, the study of the molecules para-ethynylbenzonitrile (HC≡C-C6H4-C≡N, 
pEBN) and para-ethynylisocyanobenzene (HC≡C-C6H4-N≡C, pEIB) would round out the 
spectroscopic investigation of the isoelectronic series, in which pDIB, pIBN, pDEB, 
pDCB have been studied.   
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CHAPTER 4:  SPECTROSCOPY AND IONIZATION THRESHOLD FOR THE 
DOUBLY RESONANCE-STABILIZED PHENYLCYANOMETHYL RADICAL 
4.1. Introduction 
 Titan, the largest moon of Saturn, is regarded as a modern "laboratory" for the 
study of primordial Earth.1, 2  Titan's atmosphere is dominantly comprised of molecular 
nitrogen, making it similar to the atmosphere of early Earth.3, 4  A couple percent 
methane, and fractional percentages of CO, CO2, HCN, C2H2, HC3N, and other small 
organics are also present in Titan's atmosphere.1, 3  With a methane cycle analogous to the 
water cycle on Earth,1 and a reducing atmosphere similar to that of prebiotic Earth,4, 5 
Titan has many of the components that are deemed necessary for the onset of life on 
prebiotic Earth.  As such, Titan's atmosphere is arguably well-suited for biologically 
pertinent chemistry.   
 Titan's prebiotic chemistry is thought to be endogenous in nature.5  This chemistry 
is primarily initiated via the photochemistry of molecular nitrogen and methane and 
secondarily through bombardment of these gases with energetic particles, to produce ions 
and (open and closed shell) neutrals.1  Reactions between these ions and neutrals lead to 
the formation of small organic compounds up to benzene, and ultimately tholins.1, 6 
 Of the neutral pathways of reaction, resonance-stabilized radicals (RSRs) are 
likely to be key intermediates in the formation of larger molecules.7-9  Delocalization of 
the radical site into the π cloud of a neighboring conjugated functional group leads to 
longer lifetimes due to resonance stabilization.  These longer lifetimes of the RSRs allow 
them to build up in concentration, and radical-radical recombination reactions with itself 
or other RSRs serve as the principal pathways for removal.  As an example, the 
recombination of two resonance-stabilized propargyl radicals (C3H3) is among the 
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postulated pathways for benzene formation.10-12  These results attest to the potentially 
important role of RSRs in the formation of larger molecules in the atmosphere.   
 Due to the presence of nitrile species on Titan,1 nitrile and isonitrile RSRs could 
be especially important in the chemistry of Titan's atmosphere, leading to the formation 
of complex nitrogen-containing compounds and ultimately tholins.13  One such RSR is 










Figure 4.1. Structure of the phenylcyanomethyl radical (PCM).  The radical site is doubly 
resonance-stabilized due to the ability to conjugate to the aromatic ring and nitrile group. 
 The phenylcyanomethyl radical is doubly resonance-stabilized through its 
conjugation to the neighboring phenyl ring and cyano functional groups on either side of 
the primary radical site on the bridging CH group.  The PCM radical is the nitrogen-
containing analog of the 1-phenylpropargyl radical (1PPR) that has been extensively 
studied by the Schmidt, Kable, and Gerber groups.7, 8, 14, 15  In the body of 1PPR work, the 
ground (D0) and first excited (D1) doublet electronic states were characterized, and the 
excited state lifetime in D1 and the ionization potential  were determined.  The D0-D1 
origin transition of 1PPR lies in the visible region (21,007 cm-1), with vibronic structure 
extending above the origin for 1,300 cm-1.  Due to its status as a doubly resonance-
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stabilized radical, 1PPR is thought to be an important intermediate species in combustion 
chemistry, and to potentially play a role as intermediate in the formation of higher 
molecular weight species in the interstellar medium.  This 1PPR work served as 
inspiration for the present study of the PCM radical as its nitrile analog, with principal 
application to Titan’s atmosphere, where nitrile chemistry is pervasive.    
 In this work, we present the first detection of the nitrile analog of 1PPR, PCM.  
Spectroscopic characterization was achieved in the D0-D1 region, which like 1PPR also 
appears in the visible region.  In a fashion similar to 1PPR, PCM may also serve as an 
important intermediate in the formation of nitrogen-containing heterocycles and larger 
molecules. Investigating the chemical intermediates and pathways leading to the 
incorporation of nitrogen into ring structures will help bring the community one step 
closer to understanding the processes leading toward biologically relevant molecules, 
many of which are composed of nitrogen heteroaromatics. 
4.2. Methods 
4.2.1. Experimental Methods 
 Studies on the phenylcyanomethyl radical were carried out in a vacuum chamber 
that has been described in detail elsewhere.10  Benzyl cyanide was purchased at 98% 
purity from Sigma-Aldrich, and used as a precursor for the generation of the 
phenylcyanomethyl radical.   After entraining benzyl cyanide into a total of 2.0 bar argon 
backing gas, the sample is introduced into a discharge tube (2 mm inner diameter, 17 mm 
long) via an R. M. Jordan pulsed valve.  Gas pulses approximately 60 s in duration at a 
total flow of 0.35 sccm are typically used.  At the end of the discharge tube, an electrical 
discharge created between two electrodes (± 500 V) is timed to intersect a dense portion 
of the gas pulse such that the phenylcyanomethyl radical is generated, and cooled to its 
zero-point vibrational energy level in the ground state via supersonic expansion into the 
vacuum chamber.    
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 Two-color resonant two-photon ionization (2C-R2PI) spectroscopy was used to 
ionize the phenylcyanomethyl radical prior to traversal in a Wiley-McLaren16 type time-
of-flight mass spectrometer for mass-selective detection.  Mass-selective detection is 
particularly important in the case of discharge-based studies, where multiple absorbing 
species may be generated.  As the name 2C-R2PI implies, two photons of different 
energy are used to ionize the species under study.  The fundamental of a Nd:YAG 
pumped dye laser (visible) was used as a first photon to tune through the D0-D1 excitation 
spectrum of the phenylcyanomethyl radical; a second photon of 193 nm was used to 
ionize the phenylcyanomethyl radical out of its D1 excited state.  By collecting the 
integrated ion signal at m/z = 117 as a function of wavelength, the excitation spectrum 
was obtained.  A wavemeter was used to obtain the vacuum corrected wavelengths of 
transitions in the excitation spectrum.   
 Photoionization efficiency scans were used to determine the ionization potential 
(IP) of the phenylcyanomethyl radical.   The wavelength of the visible photon was fixed 
on the D0-D1 transition, and the wavelength of the ionizing photon was tuned until there 
was an onset of ionization signal.  The sum of energy of the resonant photon and the 
ionizing photon at the onset of ion signal provides the ionization potential for the radical.   
 Rotational band contours (RBCs) were also collected to determine the direction of 
the transition dipole moment of the molecule under study.  The RBCs were collected by 
obtaining a high resolution 2C-R2PI spectrum over a vibronic transition of interest.  The 
dye laser used for the D0-D1 step has a resolution in the visible of 0.06 cm
-1, a resolution 
sufficient to obtain the shape of the rotational band contour, but insufficient to resolve 
individual rovibronic transitions. 
 The excited state lifetime was determined by monitoring the ion signal as a 
function of the temporal delay between the visible and ionizing photon.  A fit of the ion 
signal decay profile to an exponential function provides the lifetime of the D1 vibronic 
levels interrogated.   
 Dispersed fluorescence (DFL) data were collected in the laboratory of our 
collaborator, Dr. Timothy Schmidt at the University of New South Wales in Australia.  
His data will not be presented in this chapter, but will be available in a forthcoming 
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publication.  The dispersed fluorescence data provide valuable insights in understanding 
the spectroscopy of the phenylcyanomethyl radical, and will be mentioned in summarized 
form in arguments presented in the Results and Discussion sections of this chapter.   
4.2.2. Computational Methods 
 Ab initio calculations were carried out using Gaussian 09.17  Ground state density 
functional theory (DFT) and excited state time-dependent density functional theory (TD-
DFT) optimizations and harmonic frequency calculations were carried out using the 
unrestricted B3LYP functional18 with the 6-311+G(d,p) basis set.  Computed frequencies 
were used to aid in the process of assigning transitions in the excited state spectrum.  
Ionization potentials were calculated by taking the zero-point corrected energy difference 
between the S0 radical ion and D0 ground state of the radical, using the unrestricted 
B3LYP functional with the 6-31+G(d) basis set.  The ROCBS-QB3 method19 was used to 
predict the thermochemical data for radical stabilization energy (RSE) calculations.  In a 
comparison of various computational methods for thermochemistry, ROCBS-QB3 is 
considered reliable and computationally efficient.20     
 The presence of two nearby excited electronic states D1 and D2 for the 
phenylcyanomethyl radical presents an interesting challenge for theory, particularly in 
predicting the correct ordering and properties between the two excited states.  Our 
collaborators Professor Lyudmila Slipchenko (Purdue University) and Dr. Ben Nebgen 
are conducting an extensive on-going investigation of the theory associated with the 
phenylcyanomethyl radical, to confirm the state ordering and properties for the radical, as 
well as for additional reasons that will be addressed in the Discussion portion of this 
chapter.  For this chapter, the unrestricted DFT B3LYP/6-311+G(d,p) and unrestricted 
TD-DFT B3LYP/6-311+G(d,p) calculation results will be used as a theoretical guide 
against which experimental results can be compared. 
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4.3. Results 
4.3.1. 2C-R2PI Spectrum 
 Figure 4.2 presents the 2C-R2PI spectrum for the phenylcyanomethyl radical, in 
relative wavenumbers.  The D1(
2A'')←D0(
2A'') origin transition for the 
phenylcyanomethyl radical is located at 21,402 cm-1.  Theory (UB3LYP/6-311+G(d,p)) 
predicts the first excited state of the phenylcyanomethyl radical to be a π*←π transition in 
which the phenylcyanomethyl radical becomes more cumulenic in structure upon 
excitation.  Both the D0 ground state and D1 excited state of the phenylcyanomethyl 
radical are predicted to be planar in geometry, therefore the radical belongs to the Cs 
point group in both the D0 and D1 states.  Of PCM's 39 normal modes, 27 are totally 
symmetric, in-plane modes of a' symmetry, while the remaining 12 are out-of-plane 
modes of a'' symmetry.  If Cs symmetry is retained in the D0 and D1 states, Franck-
Condon selection rules dictate that all in-plane vibrations can appear as fundamentals 
(vip = ±1, ±2, … allowed), while out-of-plane transitions can only appear as either 
combination bands or even overtones (voop = ±2, ±4, … allowed) for transitions arising 
out of the zero-point level in D0.  Because the electronic structure of the 
phenylcyanomethyl radical is closely similar to that of 1-phenylpropargyl radical,7, 8 we 
use the assignments of the latter as a guide in the analysis that follows, alongside results 
from the DFT and TD-DFT UB3LYP/6-311+G(d,p) theoretical calculations.  Modes are 
labeled using Mulliken21 notation, with the Varsanyi22 notation in parentheses wherever a 
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Provided these assignments for the 116 cm-1, 227 cm-1, and 292 cm-1 transitions, the 
assignment of the prominent transition at 201 cm-1 remains.  This +201 cm-1 transition 
has no close analog in 1PPR, being far more intense than anything in this region in the 
spectrum of 1PPR.  We will detail the potential assignments for the 201 cm-1 in the 
Discussion section of this chapter.  In what follows, we refer to this transition as X.  
Other strong vibronic transitions at 789 and 943 cm-1 have counterparts in 1PPR at 770 
and 917 cm-1, and therefore can be assigned analogously as 2210 (1) and 21
1
0 (12), 
respectively, and are two ring deformation modes.  The transitions 201 and 207 cm-1 
above the 2710 and 21
1




0X, and are 
connected by red tie lines in Figure 4.2 that highlight this possibility.  Finally, by analogy 
to ν'28 in 1PPR, we assign the transition at 327 cm
-1 to the in-plane fundamental 2610.  A 
summary of the assignments is provided in Table 4.1, alongside scaled23 calculated 
frequencies.   
Table 4.1. Assigned transitions for the phenylcyanomethyl radical 2C-R2PI spectrum 
    D1 State 
Modea Approximate descriptionb Exptc Calcd 
a' 
ν21 12 943 946 
ν22 1 789 797 
ν26 ρ (C1C2N) 327 322 
ν27 ρ (C1'C1C2) 116 116 
a'' 
ν38 146 133 
ν39   81 84 
a  Numbering according to Mulliken scheme. 
b Approximate description of normal mode in excited state.  ρ = rocking. Varsanyi 
notation used when applicable. 
c  Experimental frequencies (cm-1), measured from the D0-D1 origin. 
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present study.  However, the close correspondence between the spectrum of PCM and 
that for 1PPR argues for PCM as the carrier, since the electronic states of the indolyl 
radical are quite different than those of PCM. In addition, cursory excited state 
calculations for the indolyl radical (Cs point group) indicate that the lowest frequency in-
plane fundamental is predicted at ~400 cm-1, making the indolyl radical an unlikely 
candidate for the C8H6N radical in this study.  With the vibronic spectroscopy presented 
in section 4.3.1, and the ionization potential data of this section, we assign the identity of 
the C8H6N radical of this work as the phenylcyanomethyl radical, which has an 
experimentally determined ionization potential of 7.935 ± 0.002 eV.  Note that the 
ionization potential for PCM is about 0.5 eV higher than that for 1PPR (7.4 eV),15 as 
expected for nitrile substitution in place of an ethynyl group.  
Table 4.2. Calculateda and experimental IPs for C8H6N structural isomers 
  
Vertical Calc 
IP (eV)  
Adiabatic Calc 
IP (eV)  
Expt IP 
(eV)  
Phenylcyanomethyl radical  7.947 7.866 7.935 
Phenylisocyanomethyl 7.576 7.518 N/A 
Indolyl radical  8.174 8.063 N/A 
a IPs calculated using zero-point corrected energy differences between the S0 radical ion 
state and the D0 radical ground state using UB3LYP/6-31+G(d).  Vertical IPs are 
calculated without optimizing S0 radical ion structure, and adiabatic IPs are calculated 
with optimized S0 radical ion structure.     
4.3.3. Rotational Band Contours 
 As a nitrile substituted benzyl radical, the electronic excited states of PCM are 
anticipated to be similar to those of benzyl.  The benzyl radical is known to have two 
close-lying doublet (D) excited states, a D1 state with a transition dipole moment (TDM) 
from the ground state (D0) pointing along the ‘b’ axis, and a D2 state with an ‘a-axis’ 
polarized transition from D0.
25  The analogous set of states is also identified by excited 
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4.4.1. Vibronic Structure and Duschinsky Rotation 
 Since the PCM radical is the nitrogen-containing analog of the extensively studied 
1PPR radical,7, 8, 14, 15 it is only natural to make a comparison of the properties of the two 
radical species.  The D1(
2A'')←D0(
2A'') origin transition for the PCM radical is located at 
21,402 cm-1, just 395 cm-1 to the blue of the D1(
2A'')←D0(
2A'') origin of the 1PPR radical 
at 21,007 cm-1.7, 8  This blue shift is consistent with the general trend in nitrile-substituted 
aromatics relative to their ethynyl counterparts.  For example, the S0-S1 origin transition 
of benzonitrile is 635 cm-1 to the blue with respect to phenylacetylene.26, 27   
 Much of the vibronic activity in the spectrum of the PCM radical closely matches 
that of the 1PPR radical.  Both the PCM and 1PPR radicals share a prominent origin 
indicating modest geometry change upon excitation, similar low frequency activity, and 
ring modes with significant Franck-Condon activity from approximately 700 to 1,200   
cm-1.  The intense +201 cm-1 transition of PCM does not have a direct analog in the 
excitation spectrum of 1PPR.  Since the lower frequency in-plane fundamental transitions 
(2710 and 26
1
0) and the lower frequency even overtones of an out-of-plane transition (39
2
0 




0) have been accounted for, other assignments 
for the +201 cm-1 transition must be considered.   
Alternate possibilities for the +201 cm-1 transition include a different structural 
isomer, a second excited state, or a transition appearing due to vibronic coupling with 
higher excited states.  To explore the possibility that this transition could arise from a 
different structural isomer, vis-vis hole-burning experiments were attempted.  However, 
the weak electronic transition of PCM and its long excited state lifetime prevented the 
acquisition of hole-burning spectra.  A photoionization efficiency scan of the +201 cm-1 
transition was also collected, and was found to be identical to that of the D0-D1 origin 
(7.935 eV) providing conclusive evidence that the transitions belonged to the same 
species.   
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Given the anticipated close proximity of the D2 state relative to D1, it is possible 
that the +201 cm-1 transition is the electronic origin of the D2 state.   Evidence against this 
possibility arises from its rotational band contour, which closely resembles the b-type 
rotational band contour corresponding to the D0-D1 origin of PCM, indicating that the 
+201 cm-1 transition gathers its oscillator strength from the D1 state and not D2 (which is 
calculated to have a primarily a-type band character).  Evidence in favor of assignment of 
the +201 cm-1 transition to the D0-D2 origin comes from the dispersed fluorescence 
spectrum of this band.  These spectra, recorded by the Schmidt group, show a dispersed 
fluorescence spectrum for the +201 cm-1 band that is origin-like in its emission, with 
emission bands involving ring fundamentals that are the same those from the D1 origin, 
but differing in intensity.     
A final intriguing possibility is that vibronic coupling is playing a role in inducing 
intensity in the +201 cm-1 band.  Since the nitrile group has both in-plane and out-of-
plane p orbitals, there are higher-lying electronic states (Dn) that could couple to D1 via 
an out-of-plane fundamental(s), with out-of-plane D0-D1 transition dipole moments.  
Indeed, there is an out-of-plane vibration in D1 with frequency near 200 cm
-1, which 
could in principle engage in first-order vibronic coupling to higher lying A' states.  Such 
transitions with out-of-plane transition dipole moments would produce c-type RBCs and 
exhibit a strong Q branch however, counter to the b-type band contour observed for the 
201 cm-1 transition in experiment.  Furthermore, DFL spectra from Dr. Schmidt for the 
201 cm-1 transition do not exhibit Δν = ± 1 emission, arguing against the role of such 
vibronic coupling.  Second-order vibronic coupling is also possible, leading to mixing of 
v' = 2 with v' = 0 in D1 through an intermediate a' fundamental in an A'' Dn state.  These 
possibilities are being investigated by Dr. Slipchenko and Dr. Nebgen.  The source of the 
+201 cm-1 will be reassessed upon completion of the vibronic coupling calculations.  
 Like in the case of the 1-phenylpropargyl radical, there is the potential for 
Duschinsky mixing28 to also be present in the excited state of the phenylcyanomethyl 
radical.  Duschinsky mixing was already considered in some detail in our studies of para-
diisocyanobenzene (Chapter 3) (E)- and (Z)-phenylvinylnitrile (Chapter 5) of this thesis, 
and is often accompanied by large changes in the low frequency modes of the molecule 
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where the effect spectroscopically manifests itself via the appearance of cross-sequence 
bands.  There is potential for Duschnisky mixing between ν38 and ν39, which could be 
confirmed further by DFL spectra.   
4.4.2. Radical Stabilization Energy 
 One of the most important attributes of the PCM radical is its doubly resonance-
stabilized character, with the radical site conjugated with both phenyl and nitrile groups.  
The radical stabilization energy (RSE) is a useful measure to assess the relative stability 
between carbon-centered radicals.  By definition, the generic formulation for the RSE of 
a multiply substituted carbon-centered radical ·CXYZ is: 
RSE(·CXYZ) = BDE(CH4) - BDE(CHXYZ)  
where BDE is the bond dissociation energy of a particular species and X, Y, and Z 
represent substituents.29  As an example, the bond dissociation energy for CHXYZ is the 
energy change in the reaction:   
CHXYZ → ·H + ·CXYZ 
 When Y = Z = H atom, the carbon-centered radical is monosubstituted, and when 
Z = H atom, the radical is doubly substituted.29     
 Using the ROCBS-QB3 formulation,19 the RSE for the PCM radical and 1PPR 
were found to be 95.9 kJ/mol and 108.1 kJ/mol, respectively.  The positive value of the 
radical stabilization energy indicates the multiply-substituted radicals PCM and 1PPR are 
stabilized relative to the methyl radical.29  Since the key difference between 1PPR and the 
PCM radical is that the PCM radical has a cyano group in place of an acetylenic group in 
the molecule, the lower stabilization energy of the PCM radical indicates that the nitrile 
substituent has a slight net destabilizing effect relative to the ethynyl substituent.  
Nonetheless, the RSE of PCM is still very large, as anticipated based on its double 
resonance stabilization from the neighboring cyano and phenyl groups to the primary 
radical site.   
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 Put another way, the large RSE means that the reaction PCM + CH4 → 
C6H5CH2CN + CH3 is endothermic by 95.9 kJ/mol.  This means that reactions of this 
radical in Titan’s atmosphere with most saturated and unsaturated hydrocarbons will not 
occur at the temperatures in Titan, causing the concentration of the PCM radical to 
accumulate to larger steady-state concentrations relative to other radicals lacking the 
same large resonance stabilization energy. 
4.5. Conclusion 
 In this work, we provide the first spectroscopic characterization of PCM, a radical 
with unusual stability due to its double resonance stabilization.  The excitation spectrum 
for the phenylcyanomethyl radical has been collected and tentatively characterized, with 
its D0-D1 origin at 21,402 cm
-1.  The ionization potential for PCM is 7.935 ± 0.002 eV 
and excited state lifetime at the D0-D1 origin is 455 ± 61 ns.  Ground state spectroscopic 
signatures in the microwave and far-IR would be additionally useful for astronomical 
searches for the phenylcyanomethyl radical.  PCM is anticipated to be a likely 
intermediate in neutral pathways leading towards PANH, including photochemical 
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CHAPTER 5: VIBRONIC SPECTROSCOPY AND PHOTOCHEMISTRY OF (E)- 
AND (Z)-PHENYLVINYLNITRILE 
5.1. Introduction 
 Titan, one of the moons of Saturn, has a fascinating, photochemically driven 
atmosphere rich in organic constituents.  One of the reasons Titan has garnered interest is 
the insight that it could provide about the chemistry that may have occurred in prebiotic 
Earth.  Titan is a model system for the study for primordial Earth for its: (i) nitrogen-
dominated atmosphere (> 95%) that contains trace organics such as methane, 
hydrocarbons, nitriles, and benzene derivatives, (ii) methane cycle that is analogous to 
the water cycle on Earth, and (iii) the presence of a reducing atmosphere, which is similar 
to the weakly reducing atmosphere that is hypothesized for prebiotic Earth.1, 2   
 The atmospheric chemistry on Titan occurs primarily via the absorption of solar 
radiation. N2 is broken down in the upper atmosphere via the absorption of vacuum 
ultraviolet radiation at wavelengths of 100 nm or shorter.3  A little lower in the 
atmosphere, methane is photoprocessed via the absorption of 150 nm or shorter 
wavelength radiation.3  The products of N2 and CH4 photoirradiation react through a 
complicated set of reactions to generate small hydrocarbons, nitriles, and benzene.4  
Given the established presence of benzene and a variety of nitriles on Titan, it is likely 
that phenyl-based nitrile derivatives are present in the atmosphere.  In fact, mass 
spectrometric data from the Cassini mission has shown the presence of molecules larger 
in mass than benzene in Titan’s atmosphere, although the molecular composition of these 
large ions is yet to be determined.5   
 The final end product of this gas phase photochemistry is the production of 
tholins, a term used to describe the orange-colored aerosol particles that envelop Titan’s 
surface in clouds.  Tholins are thought to be polymeric in nature, and to incorporate 
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nitrogen into their chemical structure, potentially in nitrogen heteroaromatic structures.4, 
6, 7  In order to complement observational and mission-based data on the physical and 
chemical properties of tholins, laboratory studies are also needed to map out potential 
pathways to complex organics and to tholin formation.  Such laboratory studies serve as 
necessary input for developing photochemical models of Titan’s atmosphere.  
Photochemical models are still far from complete, especially in describing larger 
molecules that may be of more direct prebiotic relevance.  Indeed, in many cases, the 
models identify molecules larger than benzene as polymer, listing them merely by type 
(hydrocarbon or nitrogen-containing).8, 9  Thus, there is a pressing need to obtain 
laboratory data in order to: 1) establish an experimental database of spectral signatures 
for future observation missions, and 2) provide valuable input data to refine 
photochemical models of the atmosphere.10  With this goal in mind, the laboratory studies 
of (E)- and (Z)- phenylvinylnitrile ((E)- and (Z)-PVN) were undertaken. 
 
 Understanding pathways from first the aromatic ring to larger polycyclic aromatic 
hydrocarbons (PAH) and polyaromatic nitrogen heterocycles (PANH) is particularly 
important for prebiotic chemistry, since many of Earth's biological building blocks 
incorporate nitrogen into heterocyclic structures. Studying the formation pathways of 
nitrogen heterocycles is thus a necessary step to uncovering the chemical evolution that 
may have led to Earth's first biomolecules.  It is also a meaningful step in exploring 
pathways that may be important in tholin formation. As such, (E)- and (Z)-PVN are 
particularly important to characterize and study photochemically, because they are 
structural isomers of the simplest PANH quinoline, with molecular formula C9H7N.     
 This chapter presents the isomer-specific vibronic spectroscopy of (E)- and (Z)-
PVN, focusing attention on the S0-S1 region in the ultraviolet.  Furthermore, the results of 
population transfer experiments and the test for a photoisomerization pathway that could 
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lead to the production of quinoline are shown.  Similar spectroscopic and 
photoisomerization studies have been carried out on the hydrocarbon analog of (E)- and 
(Z)-phenylvinylnitrile; namely, (E)- and (Z)-phenylvinylacetylene ((E)- and (Z)-PVA).11-
14   The work on (E)- and (Z)-PVA thus forms an important point of comparison with the 
present study, probing the extent to which the nitrile substituent mimics or diverts from, 
its ethynyl analog, both in its spectroscopy and in its photochemical pathways. 
5.2. Methods 
5.2.1. Experimental Methods 
 (E)-PVN (cinnamonitrile, 97%) was purchased from Sigma-Aldrich and was used 
without further purification.  No commercial sample of pure (Z)-PVN was available, but 
an (E)- and (Z)-PVN sample mixture was commercially available from Alfa Aesar (cis + 
trans cinnamonitrile, 97%), and was used as purchased.  Isomer-specific spectroscopic 
techniques were used to distinguish between the two geometric isomers.  Each sample 
was entrained in 3.8 bar backing pressure gas (helium) at ~ 60-70 ˚C and expanded 
through a small orifice of a Parker series 9 general valve to generate a supersonic 
expansion and cool the molecules down to their zero-point vibrational energy level. 
 In this work, the jet-cooled molecules were interrogated using laser induced 
fluorescence (LIF) and dispersed fluorescence (DFL).  In LIF, the excitation spectrum of 
the molecule is collected by monitoring the total fluorescence of the molecules upon 
photon absorption as a function of laser excitation wavelength.  DFL spectra map the 
emission from particular photoexcited levels in the excited electronic state onto 
vibrational levels in the ground electronic state.  The tunable UV light for spectroscopy 
was generated by frequency doubling the visible output of a Nd:YAG pumped dye laser.  
 Isomer specific UV spectroscopy was carried out using two techniques: UV-UV 
hole-burning (UV-UV HB) spectroscopy, and UV depletion (UVD) spectroscopy.  UV-
UV HB is a double resonance technique that allows for isomer-specific detection.  A 10 
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Hz hole-burn laser has its wavelength set on a transition of a particular isomer, and a 20 
Hz probe laser is tuned through a spectral region of interest. The hole-burn and probe 
lasers are spatially overlapped but temporally separated such that the hole-burn laser 
precedes the probe laser by 200 ns.  When the probe laser tunes through a transition that 
shares the same ground state as the hole-burn laser transition, a depletion is detected via 
active baseline subtraction in a gated integrator, such that an isomer-specific spectrum 
can be extracted. 
 UVD spectroscopy differs from UV-UV HB in that, in UVD, the hole-burn laser 
is tuned through the spectral region of interest, while the probe laser wavelength is fixed 
on a ‘monitor’ transition due to the particular isomer of interest.  Though both UV-UV 
HB and UVD allow for isomer specific detection, UVD is capable of detecting transitions 
which do not fluoresce appreciably due to the presence of fast non-radiative processes.  
The sensitivity to detecting such transitions arises because, as long as the hole-burn laser 
removes population from a transition sharing the same ground state as the probe laser, a 
depletion in the fluorescence signal from the probe laser will be observed-- the depletion 
phenomenon is independent of whether or not the hole-burn laser tunes though a 
transition that itself can fluoresce. 
 Photochemistry experiments were carried out in a vacuum chamber outfitted with 
a linear time-of-flight mass spectrometer15 that allowed mass-resolved detection of the 
photoproducts via resonant two-photon ionization (R2PI) spectroscopy.  In the case of 
(E)- and (Z)-phenylvinylnitrile, the S0-S1 absorption requires a photon energy that is less 
than half way to the ionization potential, so one-color R2PI was not possible.  Thus, (E)- 
and (Z)-PVN were characterized using two-color R2PI, with the second photon used to 
ionize the molecules provided by an ArF excimer laser (193 nm). 
 In order to conduct the photochemistry experiments, a reaction tube (1.7 cm 
length, 2 mm inner diameter) is affixed to the front of the valve face.  The molecules in 
the pulsed valve undergo a pre-expansion into the reaction tube, where they get cooled 
down to a temperature of about 75-100 K,16, 17 temperatures that are pertinent to the 
atmosphere of Titan.3   The molecules can thereafter be selectively photoexcited, and if a 
viable pathway to photoisomerization exists, isomerize.  Collisions with buffer gas during 
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the traversal of the reaction tube partially cool the excited population.  Further collisional 
cooling of the photoexcited population to the zero-point levels of the reactant and the 
isomerization product occurs during the final supersonic expansion into the vacuum 
chamber from the end of the reaction tube.   Photochemistry was initiated via UV hole-
filling (UVHF) spectroscopy, a technique developed recently13 as the UV analog of IR 
hole-filling techniques used to study ground state conformational isomerization.18  In 
UVHF, a 10 Hz "pump" laser has its wavelength fixed on a strong transition of the 
photoreactant, and a 20 Hz probe laser is tuned through the spectral region of interest.  In 
active baseline subtraction with a gated integrator, this should produce depletions in the 
transitions associated with the photoreactant, and gains in the transitions associated with 
the photoproduct. 
5.2.2. Computational Methods 
 Assignment of the (E)- and (Z)-PVN spectra was aided by calculations.  Density 
functional theory (DFT) and time-dependent density functional theory (TD-DFT) were 
used to computationally investigate the S0 ground and S1 excited states of (E)- and (Z)-
PVN.  Gaussian 0919 was used to carry out S0 and S1 geometry optimizations and 
harmonic frequency calculations with the B3LYP functional and 6-311++G(d,p) basis 
set.  Normal modes were visualized using ChemCraft software.20   
 Gaussian 0919 was also used to map out stationary points along the ground state 
potential energy surface for (E)/(Z)-PVN → quinoline isomerization.  QST3 calculations 
were run with the B3LYP/6-31G(d) functional and basis set to identify transition state 
structures.  The intrinsic reaction coordinate from each transition state was followed in 
both the direction of the reactant and product using B3LYP/6-31G(d) in order to 
determine if the correct transition state was identified.21-23  The energetics of the 
stationary points along the ground state potential energy surface were calculated using the 
G3B3 scheme.24   
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5.3. Results and Analysis 
5.3.1. (E)-Phenylvinylvitrile 
5.3.1.1. Computational Predictions 
 According to DFT and TD-DFT geometry optimizations conducted with 
B3LYP/6-311++G(d,p), (E)-PVN is predicted to be planar in both the S0 ground and S1 
first excited electronic states.  The presence of a true minimum was confirmed by the lack 
of imaginary frequencies in harmonic frequency calculations.  With a planar geometry in 
both the S0 and S1 states, (E)-PVN contains a single horizontal mirror plane, and belongs 
to the Cs point group.  Consequently, the 45 normal modes of (E)-PVN can be broken 
down into 31 totally symmetric (a', in-plane) vibrations and 14 non-totally symmetric (a'', 
out-of-plane) vibrations.  Electric dipole selection rules for transitions arising out of the 
zero-point vibrational energy level indicate that all transitions involving in-plane 
vibrations are symmetry-allowed, while out-of-plane vibrations will appear only as even 
overtones or combination bands of out-of-plane vibrations.  In what follows, we describe 
the vibronic spectroscopy of (E)-PVN using Mulliken notation.25  In order to connect 
more directly with the vibrations common to phenyl derivatives, we will at times also 
refer to specific transitions using Varsanyi notation for the vibrational modes, which 
stresses this commonality.26 
5.3.1.2. LIF Excitation Spectrum, UV-UV HB, and UVD Spectroscopy 
 The LIF excitation spectrum of (E)-PVN from 33,600 - 35,850 cm-1 is presented 
in Figure 5.1a.  The S0-S1 electronic origin was identified at 33,827 cm
-1, and was 
confirmed by UV-UV HB (Figure 5.1b), UVD (Figure 5.1c), and DFL spectroscopy 
(Figure 5.2b).  Though the spectrum is congested over much of this region, the UV-UV 
HB spectrum above 35,500 cm-1 shows a sharp drop-off in intensity and broadening 
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 C≡N stretch 2,291 2,318 2,182 
ν
9
 C=C stretch (1,810) 1,670 1,627 
ν
17
 C(1)-X stretch 1,279 1,295 1,155 1,238 

22
 18a (1,068) 1,050 (956) 1,045 
ν
25
 1 (890) 859 (804) 822 
ν
27
 6b 645 632 536 569 
ν
29
 substituent motion + ring 386 383 343 375 
ν
30
 238 241 229 236 
ν
31




 16a 395 409 194 386 

43
 10b analog 252 254 123 189 

44
 C(1)-C() bend 92 94 68 99 

45
 C(1)-C(α) torsion 48 63 41 
a Numbering according to Mulliken numbering scheme. 
b Approximate description of normal mode in ground state. 
c Experimental frequency (cm-1), measured from the S0-S1 origin.  Tentative assignments 
are presented in parentheses. 
d Ground state frequencies (cm-1) calculated with B3LYP/6-311++G(d,p) without scaling. 
e Excited state frequencies (cm-1) calculated with TD-DFT: B3LYP/6-311++G(d,p) 
without scaling. 
5.3.1.3. DFL Spectra in Low Frequency Region 
 The DFL spectrum of the (E)-PVN S0-S1 origin is presented in Figure 5.2b, and it 
is compared with first the 2,000 cm-1 of the UV-UV HB spectrum of (E)-PVN (Figure 
5.2a).  Much of the vibronic structure in the 000 DFL spectrum mirrors that in the 
excitation spectrum.  Harmonic vibrational frequency calculations utilizing the B3LYP 
functional and 6-311++G(d,p) basis set aided the assignment of transitions in the ground 
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1 respectively (Figure 5.7c-e).  These (E)-PVN hot band spectra are 
nearly identical to the hot band spectra of (E)-PVA, indicating that Duschinsky mixing in 
both molecules is similar.  Since a complete analysis of this mixing was given for (E)-
PVA, the reader is referred there for further details.14  It is important to note that 4511 was 
not observed in the (E)-PVN hot band studies, similar to the absence of 4811 (the analog 
of (E)-PVN's 4511) in (E)-PVA.
11, 14  In (E)-PVA, ν'48 is predicted to be between the range 
of 230 and 350 cm-1, and ν'45 of (E)-PVN is also likely in this range. 
5.3.1.5. DFL Spectra in High Frequency Region 
 The DFL spectra of the higher energy portion of the LIF spectrum are presented 
in Figure 5.8.  In the spectra of the +804 and + 956 cm-1 transitions, there are hints of 
IVR occurring due to the emergence of a broad background with superimposed sharp 
transitions.  Fermi resonance and/or Duschinsky mixing is also evident in these spectra, 
which spreads intensity over a closely-spaced set of transitions spread over ~200 cm-1 
about the nominal v = 0 transition. We tentatively ascribe the +804 cm-1 transition to 
2510 (1) and the +956 cm
-1 transition to 2210 (18a).  Note that the latter DFL spectrum has 
strong transitions at -1,810 and -2,291 cm-1 which are assigned to 22109
0
1 (C=C stretch) 
and 22108
0
1 (C≡N stretch), respectively. 
 From 956 cm-1 onwards, the presence of IVR with its broadened origin-like 
emission is more obvious, with one glaring exception: the DFL spectrum of the +1,155 
cm-1 transition.  Though a transition just 6 cm-1 below at 1,149 cm-1 shows IVR, the 
transition at 1,155 cm-1 shows no signs of IVR.  We infer that the transition at 1,155 cm-1 
belongs to an in-plane fundamental, and that the neighboring transitions (at 1,149 cm-1, 
etc) involve combinations of low frequency modes.  The change in density of states over 
such a small energy change is negligible, so the differences in IVR efficiency are likely 
due to differences in the strength of anharmonic coupling of the initially prepared state to 
the background states.  We assign the 1,155 cm-1 transition as 1710, involving the C(1)-X 
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 C=C stretch 1,627 1,657  
ν
23 
 12  1,007 1,016  
ν
27  
 6b  620 631 538 
ν
28
  6a + substituent motion (554) 525 (370) 
ν
29
  388 400 377 
ν
30
  227 235 221 
ν
31




 C(1)-C(α) bend  154.3 157 94.5 
ν
45  
  C(1)-C(α) torsion  18.5 35 49.5 
a Numbering according to Mulliken numbering scheme  
bApproximate description of normal mode in ground state. 
c Experimental frequency (cm-1), measured from the S0-S1 origin.  Tentative assignments 
are presented in parentheses. 
d Ground state frequencies (cm-1) calculated with B3LYP/6-311++G(d,p) without scaling.  
 
5.3.2.3. DFL Spectra in Low Frequency Region 
 The DFL spectrum of the S0-S1 origin for (Z)-PVN is presented in Figure 5.10b, 
with the UVD spectrum of (Z)-PVN shown in Figure 5.10a for comparison.  Due to 
saturation effects in the UVD spectrum, it is more difficult to ascertain clearly the degree 
to which reflection symmetry is broken in (Z)-PVN.  The DFL spectrum of the S0-S1 










1 (Table 5.2).  
Even overtones of the lowest frequency out-of-plane mode (4502 and 45
0
4) are also 
discernible in the spectrum.  The presence of even overtones of out-of-plane modes 
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this section.  The (E)- and (Z)-PVN photoisomerization studies carried out here utilize the 
previously established methods of UVHF, in which selective excitation of one isomer is 
followed by supersonic expansion cooling to funnel population into the reactant and 
product zero-point levels prior to isomer-specific detection via R2PI spectroscopy.13 
5.3.3.1. UVHF Spectroscopy 
 UVHF spectroscopy was used to follow the photo-induced isomerization of 
(E)↔(Z)-PVN.  Figure 5.13a shows a UVHF spectrum of (E)→(Z)-PVN isomerization 
(black trace) starting from a pure sample of (E)-PVN.  In order to obtain the UVHF 
spectrum, the origin of (E)-PVN was photoexcited with the "pump" laser (10 Hz), and a 
spectral region encompassing transitions both from the photoreactant ((E)-PVN) and the 
photoproduct ((Z)-PVN) was interrogated with the probe laser (20 Hz).  Active baseline 
subtraction was used to record difference signals that reflect the change in population 
induced by the UV pump laser used to initiate photoisomerization.  Following selective 
excitation of (E)-PVN in the reaction tube, transitions from (E)-PVN appeared 
downstream as depletions due to its loss as a photoreactant, while transitions from (Z)-
PVN appeared as gains due to its formation as a photoproduct.  Likewise, when the 
(Z)→(E)-PVN photoisomerization was investigated (black trace in Figure 5.13b) by 
pumping the (Z)-PVN origin, transitions of (Z)-PVN appeared as depletions, and 
transitions from (E)-PVN appeared as gains. This experiment was more challenging 
because the sample was an (E)/(Z) mixture, and therefore the difference signal at the (E)-
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the loss in photoreactant or gain in photoproduct. When monitoring the gain of (Z)-PVN, 
a bimodal distribution occurred with (Z)-PVN generated at short 
photoexcitation/ionization delays (130-140 s, detecting photoproducts produced by 
photoexcitation near the end of the tube) and longer delays (150-165 s, probing products 
formed by excitation of molecules near the beginning of the tube).  It is important to note 
that at longer times between photoexcitation and ionization, wavelength selective 
photochemistry was not possible because the warmer temperature of the gas mixture in 
the beginning of the reaction tube prevented selective excitation of one isomer.  
However, at smaller time differences between photoexcitation and ionization (i.e. at the 
end of the reaction tube), wavelength selective photochemistry was possible.  It is in this 
region that UVHF spectroscopy was carried out.  The UVHF spectra not only show that 
(E)↔(Z)-PVN is possible, but also help provide confirmation that appropriate conditions 
are set up for the search for quinoline upon photoexcitation of (E)- and (Z)-PVN. 
 Note that the difference signals produced in the UVHF scans (Figure 5.13) were 
much larger in (E)-PVN than in (Z)-PVN, independent of the direction of 
photoisomerization ((E)→(Z) or (Z)→(E)).  If the (E)↔(Z)  isomerization is the only 
photochemical reaction that is occurring, then the loss in (Z)-PVN molecules equals the 
gain in (E)-PVN molecules and vice versa; that is, N(Z) = -N(E).  Under this 
assumption, it implies that the R2PI detection scheme at the respective S0-S1 origins is 
more sensitive in detecting (E)-PVN than (Z)-PVN by about a factor of 5, based on the 
ratio of their S0-S1 origin intensities in Figure 5.13.  Since this ratio is similar for 
isomerization in both directions, it suggests that other photochemical products would be 
small.  However, the formation of quinoline as a fused-ring heteroaromatic is such an 
important product that its formation as a minor product would nevertheless be significant.  
As a result, attention was turned next to searching specifically for quinoline as a 
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so that its characteristic wavelengths could be accurately identified.  Quinoline was then 
removed from the chamber, and the valve was purged until no detectable signal from 
quinoline was found, in order to prevent the presence of a false positive.  Despite careful 
searches, no quinoline R2PI signal could be detected in our short timescale experiments 
following photoexcitation of either (E)- or (Z)-PVN.  While potential differences in the 
detection sensitivities prevents us from making a quantitative determination of an upper 
bound for the quantum yield for quinoline formation, quinoline appears to be at most a 
very minor product.  In the Appendix, we develop equations for determining the 
photochemical product yield that can assist those carrying out future photochemical 
experiments via these methods.   
5.4. Discussion 
5.4.1. Comparing the UV Spectroscopy Amongst (E)/(Z)-PVN and (E)/(Z)-PVA 
 The results and analyses in section 5.3.1,2 provide a thorough basis for the 
comparison of (E)/(Z)-PVN spectroscopy, and this comparison can naturally be extended 
to the ethynyl counterparts, (E)/(Z)-PVA.  We start out with the comparison of (E)- and 
(Z)-PVN, a summary of which is provided in Table 5.3.  The S0-S1 origin of (E)-PVN 
occurs at 33,827 cm-1, 120 cm-1 to the blue of the origin of (Z)-PVN at 33,707 cm-1.  Both 
molecules have an excitation spectrum typical of a * excitation, with Franck-Condon 
activity present in several ring modes.  While the anticipated ‘mirror symmetry’ between 
excitation and 000 DFL spectra is present in large measure in (E)-PVN, with transitions 
carrying large Franck-Condon intensity in the excitation spectrum also present with 
similar frequencies and intensities in the DFL spectrum, there are some noticeable 
differences.  For instance, while the 3110 and 29
1
0 transitions at +106 cm
-1 and +343 cm-1 
are large in the excitation spectrum are large, their counterparts in the 000 DFL spectrum 
(at -110 cm-1 and -386 cm-1) are extremely weak.  Similarly, strong transitions near 950 
cm-1 in the excitation spectrum are without an obvious counterpart in the DFL spectrum.  
These differences highlight the likely presence of vibronic coupling between S1 and a 
99 
higher Sn excited state of the same symmetry, turning on intensity in certain in-plane 
fundamentals in the excitation spectrum.30  A deviation from the overall mirror symmetry 
in (E)-PVN also occurs due to the presence of a transition near -1,810 cm-1 (tentatively 
901) in the 0
0
0 DFL spectrum, to which there is no analog in the excitation spectrum 
owing to the onset of non-radiative processes above 1,600 cm-1.  The saturation effects in 
the UVD spectrum of (Z)-PVN make it difficult to comment on the degree of mirror 
symmetry between the excited and 000 emission spectra, as well as locate the onset of 
non-radiative transitions. 
Table 5.3. Comparison of (E)-PVN and (Z)-PVN 




-1) 33,827 cm-1 33,707 cm-1 
non-radiative turn-on 1,600 cm-1 N/A 
Duschinky mixing strong weak 
S0 C(1)-C(α) bend  92 cm
-1 154.3 cm-1 
S0 C(1)-C(α) torsion  48 cm
-1 18.5 cm-1 
 
 
 A striking aspect of the (E)- and (Z)-PVN spectroscopy is that though Duschinsky 
mixing is prominent in (E)-PVN, it seems to play a minor role in the (Z)-PVN 
spectroscopy.  Duschinsky mixing and frequency shifts are so prevalent in (E)-PVN that 
ν'45 is not observed in S1, but is estimated to have a value of 230 - 350 cm
-1, near  that in 
(E)-PVA.  Unlike (E)-PVN, ν'45 is identified for (Z)-PVN.  In the S1 state, the 45
2
0 
transition is clearly observed at +99 cm-1, leading to an excited state torsional frequency 
of 49.5 cm-1, much lower than in (E)-PVN.  Thus, the C(1)-C() torsional barrier is much 
lower in the S1 state of (Z)-PVN than in (E)-PVN.   It is noteworthy that the ground state 
frequency of ν45 decreases from 48 cm
-1 in (E)-PVN to 18.5 cm-1 in (Z)-PVN, indicating 
a softening of the C(1)-C() torsional potential in the (Z)- isomer relative to the (E)- 
isomer.  This lower barrier torsional for (Z)-PVN may in part be due to the alleviation of 
steric strain upon C(1)-C() torsion. 
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 A comparison of the spectroscopy of (E)-PVN and (E)-PVA11-14 reveals how 
remarkably similar these two molecules are.  Table 5.4 provides a summary of the 
properties of (E)-PVN and (E)-PVA.  (E)-PVN has its S0-S1 (33,827 cm
-1) origin 250 cm-
1 to the blue of the origin of (E)-PVA, which occurs at 33,578 cm-1.11  This blue shift 
while going from the nitrile to ethynyl versions is in qualitative agreement with the blue-
shifted S0-S1 origin of benzonitrile (36,512 cm
-1)31 relative to phenylacetylene (35,879 
cm-1).32  Non-radiative processes are present in both (E)-PVN and (E)-PVA, with onsets 
at 1,600 cm-1 and 1,000 cm-1 respectively.13   Much like (E)-PVN, reflection symmetry 
between the excitation spectrum and 000 DFL spectrum is generally present in (E)-PVA, 
with deviations in modes 31, 28, 23, and 19.11  These deviations suggest that these modes 
in (E)-PVA may be coupling to a higher electronic state Sn and producing these 
anomalies in mirror symmetry, analogous to what is proposed for (E)-PVN.30   A region 
of intermediate IVR, such as that presented in Figure 5.8 for (E)-PVN, is also present in 
(E)-PVA, where some transitions appear to couple better to background states and 
undergo IVR more efficiently than other nearby transitions.11  The Duschinsky mixing in 
(E)-PVN and (E)-PVA is also comparable, with many of the low frequency out-of-plane 
modes having similar values (Table 5.4) in both molecules, indicating analogous 
structural changes upon electronic excitation from S0 to S1 state.
11, 14 
Table 5.4. Comparison of (E)-PVN and (E)-PVA 








  33,827 cm-1 33,578 cm-1  
non-radiative turn-on 1,600 cm-1 1,000 cm-1  
Duschinsky mixing  strong strong 
S
0
 16a  395 cm-1 398 cm-1  
S
0







C(1)-C(α) bend  92 cm-1 88 cm-1  
S
0
 C(1)-C(α) torsion  48 cm-1 43 cm-1  
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A comparison of the properties of (Z)-PVN and (Z)-PVA11, 12 is presented in Table 5.5.  
Unlike the trend observed for (E)-PVN/PVA, the S0-S1 origin of (Z)-PVN occurs to the 
red of the S0-S1 origin of (Z)-PVA, at 33,707 cm
-1 and 33,838 cm-1 respectively.11  In (Z)-
PVA, mirror symmetry of the excitation and the 000 DFL spectra is broken, and the onset 
of non-radiative processes occurs at 600 cm-1 above the S0-S1 origin.
12, 13  It is less easy to 
gauge the reflection symmetry and a turn-on for potential non-radiative processes in (Z)-
PVN, due to the saturation effects in its UVD spectrum coupled with the difficulty 
associated with identifying the pure (Z)-PVN transitions which are small relative to the 
larger (E)-PVN transitions in Figure 5.9a.  Nonetheless, the DFL spectra of (Z)-PVN and 
(Z)-PVA clearly show that Duschinsky mixing is not as prevalent in these molecules 
relative to their (E)- isomer analogs.12  The S0 frequency for the C(1)-C(α) torsion and 
bend of (Z)-PVN/PVA are alike (Table 5), and the C(1)-C(α) torsional progression in 
(Z)-PVN (ν45) has similar corresponding progression values in (Z)-PVA (ν48).
12  As a 
result, we anticipate a similar S0 torsional barrier height about the C(1)-C() bond of 
approximately 760 cm-1.12 
Table 5.5. Comparison of (Z)-PVN and (Z)-PVA 








  33,707 cm-1 33,838 cm-1  
non-radiative turn-on N/A 600 cm
-1
  
Duschinky mixing weak weak
S
0













5.4.2. Photoisomerization Pathways to Nitrogen Heteroaromatics 
 The central hypothesis motivating the present studies is that photoisomerization 
could offer a facile last step to PANH formation, following formation of non-cyclic 
structural isomers by preceding reactions.  In the case of quinoline formation, a likely 
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pathway could involve addition of CN to styrene,33 or acrylonitrile to phenyl to form (E)- 





















(E)-PVN + hν → (Z)-PVN → quinoline 
 
(Z)-PVN + hν → quinoline 
 
 Reaction (1) is calculated to be barrierless, and to lead, following attack at the 




 In section 5.3.3, we used UV hole-filling spectroscopy to demonstrate efficient 
(E)/(Z) photoisomerization that interconverted the two PVN isomers: 
 
(E)-PVN + hν → (Z)-PVN 
and 
(Z)-PVN + hν → (E)-PVN 
 
 In order for this (E)↔(Z) isomerization to occur, a significant fraction of the 
excited population must cross over to the ground state surface, since the population 
recollects into the ground-state zero-point level of the (E)/(Z) isomerization product prior 
to isomer-specific detection.  However, despite careful searches for quinoline under 
identical conditions, no evidence for its formation could be found.  Potential causes for 
the absence of quinoline formation are considered below. 
 One possible reason for the lack of quinoline formation could be that an 
alternative pathway, such as photodissociation, could successfully compete with 
isomerization to quinoline.  However, the long lifetimes of the S1 state levels being 
probed, and the presence of facile (E)↔(Z) isomerization argue against this possibility. 
 An alternative reason for the lack of quinoline formation could be that an 
energetic barrier prevents formation of quinoline at the UV excitation energies used.  The 
photoisomerization of cis-cis cyanobutadiene to form pyridine, one of the simplest 
nitrogen heteroaromatics, is analogous to the photoisomerization of (Z)-PVN to 
quinoline.  The (cis-cis) cyanobutadiene + hν → pyridine reaction is calculated (G3 
theory) to be a single step ring closing reaction that has a 70 kcal/mol barrier in the 
ground state.34  One might anticipate a similar barrier to quinoline formation from (Z)-
PVN, which would be well below the 96 kcal/mol available to (Z)-PVN following UV 
photoexcitation in the S0-S1 origin region.  In another analogous case, the 
photoisomerization of (Z)-PVA to naphthalene is predicted to be a two step process, with 
calculated (DFT B3LYP/6-311+G(d,p)) barrier of about 55 kcal/mol,13 which is also 
significantly lower than energy provided by a photon (96 kcal/mol) at the (Z)-PVN S0-S1 
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higher in energy.  In the second step, the intermediate structure (Int 1) overcomes a 
second energy barrier of 41 kcal/mol to lead to quinoline product formation.  A surprising 
aspect of these calculations is the high activation (93 kcal/mol) energy associated with 
the first step in the isomerization process, which is just below the energy supplied (96 
kcal/mol) by a photon at the (Z)-PVN S0-S1 origin.  This predicted energy barrier is 
uniquely large, especially in light of the previous calculations on the (cis-cis) 
cyanobutadiene + hν → pyridine and (Z)-PVA + hν → naphthalene systems, which were 
calculated to have barriers of 70 kcal/mol and 55 kcal/mol, respectively.13, 34  The high 
energy barrier predicted has far-reaching consequences for the absence of quinoline 
formation.  If the multi-step unimolecular reactions are statistical, Rice-Ramsperger-
Kassel-Marcus (RRKM) theory35 can be applied to gain insight into the lack of quinoline 
photoproduct upon (Z)-PVN photoexcitation.   According to RRKM theory, the rate 
constant of a unimolecular reaction ka is given by: 
 
∗ 	 ∗ ∗  
(3) 
where  is the number of energy levels available to the transition state at energy E+, 
counting from the zero-point level of the transition state to E+, the excess energy above 
the transition state zero-point level (supplied by the isomerization photon).  ∗ ∗  is the 
density of states (in states/cm-1) of the reactant at energy E* (determined by the UV 
photon energy), and h is Planck's constant (in cm-1·sec).   
 Applying equation (3) to the first step ((Z)-PVN → Int 1) of the reaction pathway 
provides a likely explanation for the lack of quinoline formation upon (Z)-PVN 
photoexcitation.  The energy barrier in going from (Z)-PVN to Int 1 is quite high at 93 
kcal/mol, such that the excess energy imparted by the photon is merely 3 kcal/mol.  The 
number of energy levels of the transition state  is very small at 3 kcal/mol of 
additional energy, whereas the density of states of the reactant is very large.  
Consequently, the ratio of ∗ ∗  is quite small, thereby leading to a small value for the 
rate constant.  Thus, the first step in the isomerization pathway, where (Z)-PVN 
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transforms to Int 1, is likely the rate determining step for the isomerization reaction.  
Since isomerization pathway to quinoline is multi-step, with relatively high barriers, the 
slow kinetics likely prevents its formation on the timescale of the present experiment.  
Indeed, one of the signatures of the present reaction tube studies is that they probe early-
time photochemical events, with laser excitation initiating reaction, and expansion into 
vacuum at the end of the reaction tube quenching reaction tens of microseconds later.  As 
such, the multi-step isomerization may be unlikely on these short timescales, with the 
formation of quinoline by exciting the S0-S1 origin of (E)-PVN even less probable due to 
the multiple steps needed to form quinoline: 1) (E)-PVN → (Z)-PVN, 2) (Z)-PVN → Int 
1, and 3) Int 1 → quinoline.  It would be very useful to test for quinoline formation from 
higher vibronic levels of S1 in (E)- and (Z)-PVN, and on longer timescales in either bulb 
or flow conditions.  These tasks are left for future work. 
 In Titan’s atmosphere, the collision frequency changes dramatically as a function  
of altitude.  Under these conditions, the photoisomerization of (E)- and (Z)-PVN to 
quinoline may occur with higher efficiency.  Nonetheless, the characterization of (E)- and 
(Z)-PVN presented here provides spectral signatures for their search in planetary 
atmospheres, as well as for other photochemical studies where they may be a byproduct 
or precursor. 
5.5. Conclusion 
 The spectroscopy of (E)- and (Z)-PVN were characterized using LIF and DFL 
studies.  The S0-S1 origins for (E)- and (Z)-PVN have been identified at 33,827 cm
-1 and 
33,707 cm-1, respectively.  (E)-PVN displays extensive Duschinsky mixing in its four 
lowest frequency out-of plane modes ν42-45, the assignment of which was greatly 
facilitated via DFL studies from hot bands.  DFL spectra from the higher energy portion 
of the excitation spectrum show evidence for an intermediate regime of IVR onset, where 
some transitions are found to couple more efficiently to background states than others, 
resulting in varying degrees of IVR.  UV-UV HB and UVD depletion spectra have been 
collected for (E)-PVN, and they demonstrate the onset of non-radiative processes from 
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1,600 cm-1 above the S0-S1 origin.  In stark contrast to (E)-PVN, results from the 
characterization of (Z)-PVN indicate Duschinsky mixing is minimal.  Both (E)- and (Z)-
PVN are similar in their spectroscopy to their respective ethynyl counterparts, (E)- and 
(Z)-PVA. 
 Photochemical studies of (E)- and (Z)-PVN were also carried out in this work via 
R2PI, UVHF spectroscopy, and 2D timing diagrams.  UVHF studies demonstrated facile 
(E)↔(Z)-PVN isomerization.  Photoexcitation of (E)- and (Z)-PVN failed to produce 
quinoline on the microsecond timescale of our experiment.  The characterization of (E)- 
and (Z)-PVN provide the UV spectral signatures for these molecules, which can be used 
to conduct and monitor other photochemical experiments where these molecules are 
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CHAPTER 6:  MICROWAVE SPECTROSCOPY OF ASTROCHEMICALLY 
RELEVANT MOLECULES: 4-PENTENENITRILE, 4-PENTYNENITRILE, AND 
GLUTARONITRILE 
6.1. Introduction 
 Nitriles and isonitriles are important organic functionalities in molecules found 
throughout space.  Of the 180 plus molecules that have been identified in the interstellar 
medium and circumstellar shells, at least 66 contain nitrogen.1-3  Many of these nitrogen-
containing molecules are nitriles and isonitriles, and their identification has oftentimes 
been facilitated via rotational spectroscopy.1-3   
 An important attribute of nitriles/isonitriles that facilitate their detection via 
rotational spectroscopy is their large dipole moments.  For example, the prototypical 
nitrile/isonitrile HCN and HNC have dipole moments of 2.98 and 3.05 D, respectively.4,5  
Since the intensity of a rotational transition is proportional to the modulus squared of the 
dipole moment,6 nitriles and isonitriles are ideal molecules for microwave-based 
detection, provided that a permanent dipole exists.  The high resolution afforded by 
rotational spectroscopy is also advantageous for its ability to firmly identify these 
molecules in space. 
 Apart from circumstellar and interstellar regions, nitriles and isontriles are also 
important molecules in planetary bodies where the atmospheres are nitrogen-rich.  A 
prime example of a nitrogen-rich planetary body is Titan, a moon of Saturn.  Titan is 
considered a model system for the study of primordial Earth, and its atmosphere is 
comprised of about 95% or more of N2.
7-9  The next most abundant species in Titan's 
atmosphere is CH4, and when combined, the photochemistry of N2 and CH4 lead to a rich 
variety of organic molecules ranging from small hydrocarbons, nitriles/isonitriles, and 
benzene, to tholins, a large aerosol-like substance that envelops the atmosphere.8, 10  This 
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complex chemistry occurs via ion and neutral reactions,11-16 and in the case of neutrals, 
resonance-stabilized radicals (RSRs)17-19 are thought to be important candidates in 
pathways leading to the formation of larger molecules.   
 The search for molecules in space relies heavily on laboratory data that establish 
spectral signatures for key candidate molecules.  In some cases, however, such laboratory 
data is not yet available.  To this end, this work characterizes the microwave 
spectroscopy of three molecules that are thought to be prime candidates for detection in 
planetary atmospheres and elsewhere in space: 4-pentenenitrile, 4-pentynenitrile, and 










 4-pentenenitrile represents an important recombination product of the allyl and 
cyanomethyl radicals, which are both RSRs.19, 20  The ability of RSRs to adopt multiple 
resonance structures makes them more stable relative to other radical species, and 
consequently, RSRs can build up in concentration.19  Therefore, radical recombination 
reactions involving two RSRs are likely to constitute significant pathways towards the 
formation of more complex radicals in space.  As such, it is particularly important to 
study not only these RSR species, but also the candidate end products of their reaction, so 
that these molecules can be identified in space.  The microwave spectroscopy of 4-
pentenenitrile provides the characterization of one such likely RSR recombination 
product. 
 In a similar way, 4-pentynenitrile is the anticipated product of propargyl and 
cyanomethyl RSR recombination.  Furthermore, 4-pentynenitrile shares the same 
molecular formula as pyridine (C5H5N), the simplest nitrogen heterocycle.  Studying the 
formation pathways to nitrogen heterocycles may be key to understanding how Earth's 
first biomolecules may have formed, since many of them contain nitrogen in ring 
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structures.21  Thus we characterize 4-pentynenitrile not only to provide spectral signatures 
for its search in space, but also as a first step towards photochemical studies of 4-
pentynenitrile + hν → pyridine isomerization.   
 Glutaronitrile is an interesting long-chain dinitrile that has an intriguing 
conformational landscape, and it may be formed upon the reaction of the cyanomethyl 
and cyanoethyl radicals.  All three of these molecules have been formed in Titan tholin 
simulation experiments, albeit in small quantities due to a rich mixture of reaction 
products formed.22, 23  By providing the spectral signatures of these molecules, we hope 
to lay the foundation for photochemical experiments as well as enable the search for these 
molecules in Titan's atmosphere, as well as in space.     
6.2. Methods 
6.2.1. Experimental Methods 
 Samples of 4-pentenenitrile (97% purity), 4-pentynenitrile (97%), and 
glutaronitrile (99%) were purchased from Sigma-Aldrich and used without further 
purification.  4-pentenenitrile, 4-pentynenitrile, and glutaronitrile were heated to 70 ˚C, 
50 ˚C, and 150 ˚C respectively.  All samples were entrained in a total of 1.4 bar backing 
pressure Ar and expanded through a 1 mm orifice general valve to generate a supersonic 
expansion and cool the molecules down to the zero-point level.    
 A broadband chirped pulse Fourier transform microwave (CP-FTMW)24 
spectrometer  was used to study the rotational spectroscopy of these molecules.  Two 
detection schemes were used to collect their microwave spectra.  The setup of the 
traditional CP-FTMW spectrometer has been described in detail elsewhere25 and in 
Chapter 2 of this thesis, and therefore will only be described briefly here.  A 7.5 to 18.5 
GHz chirped pulse is generated from a combination of an arbitrary waveform generator 
and microwave electronics.  The supersonically cooled molecules are exposed to this 7.5 
- 18.5 GHz polarizing pulse (1 μs) and undergo a free induction decay (FID).  In the 
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traditional detection setup, the molecular signals are down-converted by mixing with an 
18.9 GHz local oscillator, and the signals are monitored with a 12 GHz, 40 Gs/s 
oscilloscope.  With the new detection setup, the down-converted molecular signals are 
collected with a fast digitizer.  The principal advantage of this fast digitizer is that it 
allows multi-FID detection, with the ability to collect up to 20 FIDs per gas pulse.  This 
requires generation of a series of 20 chirped pulses, with the beginning of each 
consecutive chirp separated by 50 s, and their detection via segmented averaging in the 
Guzik digitizer.  This greatly improves the rate at which signal averaging can be 
accomplished.  However, the fast digitizer does not allow for the monitoring of frequency 
domain data in real-time, a task which is possible with the traditional detector setup.  
Thus, the traditional setup is a useful tool to optimize molecular transitions in real-time, 
and the digitizer is invaluable in providing efficient data averaging and collection.   
 For each molecules studied in this work, a 4 μs long FID was detected.  One 
million averages were collected and corresponding background spectra were collected for 
the three molecules, in order to help identify and remove noise peaks in the raw 
microwave data.  These background noise peaks are from narrow resonances produced by 
reflections of the chirped pulses in the stainless steel vacuum chamber.  Their frequencies 
and amplitudes are sensitive to the exact position of the pulsed valve assembly in the 
vacuum chamber.  An additional source of noise is from electrical components.  These 
background noise peaks are independent of the presence of the gas pulse, and can thus be 
identified through a spectrum acquired without gas pulses present.  Their narrow width 
makes them difficult to distinguish from molecular resonances, but also minimizes their 
overlap with molecular signals.  As a means of ensuring that molecular resonances are 
not removed from consideration by an automated process, the spectra were manually 
processed for the removal of these background noise peaks.  
6.2.2. Computational Methods 
 Stable conformations with energies less than 50 kJ/mol were identified by running 
Amber force field calculations via MacroModel26 (10,000 iterations, 0.0001 convergence 
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threshold).  Five stable conformations for 4-pentenenitrile, two stable conformations of 4-
pentynenitrile, and four stable conformations of glutaronitrile were found in the initial 
force field search.  Gaussian 0927 was used to optimize these structures and calculate 
harmonic vibrational frequencies (for zero-point correction) with the M052X functional 
and 6-31+G(d) basis set.  Optimized structures within 500 cm-1 of the global minimum 
were considered during the assignment process.   
6.3. Results 
6.3.1. 4-Pentenenitrile 
6.3.1.1. Theoretical Predictions 
 Five conformations of 4-pentenenitrile were predicted to have relative energies 
within 500 cm-1 of the global minimum at the M052X/6-31+G(d) level of theory.  The 
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respectively.  Names are ascribed by listing the type of the dihedral angle connecting C1-
C2-C3-C4 followed by the type of the dihedral angle connecting C2-C3-C4-C5.  For 
example, the structure labeled eg+ consists of a C1-C2-C3-C4 dihedral angle of 118.2 ˚ 
which is eclipsed (e), and a C2-C3-C4-C5 dihedral angle of +61.6 ˚ (g+).  Table 6.1 
provides the predicted properties of the 4-pentenenitrile structures.  In all cases, the 
structures of 4-pentenenitrile are all near prolate asymmetric rotors.   
Table 6.1. Summary of predicted properties for 4-pentenenitrile. 
  4-pentenenitrile structuresa 
  eg+ et eg- st sg- 
A (MHz) 8,164 17,578 5,760 14,869 5,928 
B (MHz) 1,973 1,431 2,523 1,606 2,604 
C (MHz) 1,712 1,405 1,909 1,476 2,046 
∠ C1-C2-C3-C4 118.2 116.9 113.2 0.0 0.0 
∠ C2-C3-C4-C5 61.6 178.0 -65.1 180.0 -68.0 
κb -0.92 -1.00 -0.68 -0.98 -0.71 
|μa|
c (D) 2.8 3.9 2.3 4.0 -2.9 
|μb|
c (D) 2.9 1.3 3.4 0.4 2.8 
|μc|
c (D) 0.5 0.1 -0.2 0.0 1.1 
|μT|
c (D) 4.1 4.1 4.1 4.0 4.2 
χaa
d
 (MHz) 0.35 2.93 -1.07 3.56 0.16 
χbb
d
 (MHz) 1.37 -1.14 2.93 -1.69 0.90 
χcc
d
 (MHz) -1.72 -1.79 -1.86 -1.87 -1.06 
ΔEe (cm-1) 0 33 121 127 324 
a M052X/6-31+G(d) 
b Ray's asymmetry parameter, κ = (2B - A - C) / (A - C) 
c |μa|, |μb|, |μc|, and |μT| are the absolute values of the dipole moment components along the a, b,    
and c axes, and the total dipole moment. 
d χaa, χbb,, and χcc are 
14N nuclear quadrupole coupling constants.   
e M052X/6-31+G(d) relative energies including zero-point correction. 
6.3.1.2. Microwave Spectrum 
    Figure 6.2a shows the total experimental microwave spectrum of 4-pentenenitrile over 
the 7.5 - 18.5 GHz region.  The spectrum shows moderate congestion, suggesting the 
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Table 6.2. Experimental rotational constants for observed conformations of 4-
pentenenitrile 
  4-pentenenitrile structures 
  eg+ et st 
A (MHz) 8,210.562 [17,578.289]a [14868.640]a 
B (MHz) 1,961.225 1,427.654 1,599.922 
C (MHz) 1,702.378 1,400.662 1,470.762 
a Fixed to the ab initio (M052X/6-31+G(d)) value.  See text for details. 
 
 
 For the et and st structures, it was only possible to assign a-type transitions.  Since 
there is little dependence of a-type transitions on the A rotational constant for low J 
values, it was not possible to obtain a reliable fit for the A rotational constant.  The B and 
C rotational constants of et and st 4-pentenenitrile were fit, while fixing the A rotational 
constant to the ab initio predicted value.  A total of 21, 16, and 8 lines were fit for the 
eg+, et, and st structures, respectively.  A summary of the assigned transitions is provided 
in Table 6.3.   
 Due to the presence of a nitrogen atom in the structure of 4-pentenenitrile, a 
careful search for 14N nuclear quadrupole splittings was conducted.  Nuclear quadruple 
splittings occur due to the coupling of the nuclear spin angular momentum (I) to the 
rotational angular momentum of the molecule (J).29   The coupling of I and J arises out 
of the interaction of their magnetic fields, which are induced via the movement of atomic 
and molecular charge.29  The total angular momentum of the molecule is described by F, 
where F = I + J.29  Atoms with a nuclear spin quantum number I larger than 1/2 will have 
a electric quadrupole moment (and an associated magnetic moment), which can interact 
with the electric (magnetic) field of the surrounding molecule, leading to nuclear 
quadrupole splittings.29  I is 1 for 14N, and therefore there is a potential to observe nuclear 
quadrupole hyperfine splittings.29  Transitions where ΔJ and ΔF are equal are generally 
more intense, and when there are multiple splittings where ΔJ = ΔF, the transition with 
higher value of F will be more intense.29  For a couple of transitions, hints of nuclear 
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quadrupole splitting were observed; however the nuclear quadrupole splittings were 
primarily too small to be resolved and it was not possible to conduct a fit to determine 
experimental values for the nuclear quadrupole coupling constants.  The theoretical 
nuclear quadrupole coupling constants (Table 6.1) and experimental rotational constants 
(Table 6.2) were  put into the SPCAT program30 to predict hyperfine splittings for 
experimentally observed transitions in each of the structures.  The prediction results 
indicated average quadrupole splittings of 0.29, 0.13, and 0.12 MHz for the most intense 
splitting transitions of eg+, et, and st.  The resolution bandwidth of the processed data for 
a 10 μs FID is 172 kHz,31 and since the resolution bandwidth is inversely proportional to 
the FID collection time, the resolution bandwidth associated with the 4 μs FIDs collected 
in this work is higher, explaining why it is difficult to resolve the predicted nuclear 
quadrupole splittings of 0.29, 0.13, and 0.12 MHz. 
 The experimental observation of the eg+, et, and st structures of 4-pentenenitrile 
are in accordance with the theoretical predictions, since they are low energy structures.  
However, the absence of an assignment for the eg- structure is surprising, since the 
M052X/6-31+G(d) level of theory predicts this conformation to be only 121 cm-1 above 
the global minimum eg+ structure, and just 6 cm-1 below the st structure, which was 
observed experimentally.  The energies predicted by these calculations may be sensitive 
to the level of theory utilized.  In addition, inaccuracies in the calculated low frequency 
modes could affect the zero-point energy corrections.  An alternative possibility, is that 
the absence of the eg- conformation could occur if collisional cooling over a small energy 
barrier led to removal of population from this minimum in the supersonic expansion.  To 
test this possibility, potential energy scans from eg- to eg+ and et were calculated with 
M052X/6-31+G(d).  However, the barriers in going from eg- to eg+ and eg- to et were 
found to be prohibitively high, at 1,427 and 1,117 cm-1, respectively, suggesting that 













































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 6.4. Summary of predicted properties of 4-pentynenitrile 
4-pentynenitrile structuresa 
trans gauche 
A (MHz) 25,236 6,550 
B (MHz) 1,475 2,414 
C (MHz) 1,418 1,894 
κb -1.00 -0.78 
|μa| (D) 3.5 2.2 
|μb| (D) 0.9 3.4 
|μc| (D) 0.0 0.8 
|μT| (D) 3.6 4.1 
χaa (MHz) 3.33 -0.48 
χbb (MHz) -1.48 2.02 
χcc (MHz) -1.85 -1.54 
ΔE (cm-1) 0 303 
a M052X/6-31+G(d) 
b Ray's asymmetry parameter, κ = (2B - A - C) / (A - C) 
c |μa|, |μb|, |μc|, and |μT| are the absolute values of the dipole moment components along the 
a, b,    and c axes, and the total dipole moment. 
d χaa, χbb,, and χcc are 
14N nuclear quadrupole coupling constants.   
e M052X/6-31+G(d) relative energies including zero-point correction. 
6.3.2.2. Microwave Spectrum 
 Figure 6.4 shows the experimental microwave spectrum of 4-pentynenitrile over 
the 7.5 to 18.5 GHz region.  Following an analogous fitting process to that of 4-
pentenenitrile, the trans conformation of 4-pentynenitrile was fit.  During the fitting 
process, 15 purely a-type transitions could be fit for the trans conformer, and therefore an 
experimental value for the A rotational constant could not be derived.  A summary of the 








































































































6.6 lists a summary of the assigned transitions of trans 4-pentynenitrile.  Despite 
searches, no assignment for the gauche structure of 4-pentynenitrile could be determined.      







8,602.787 313-212 0.002 
8,688.999 303-202 0.011 
8,775.898 312-211 -0.002 
11,470.107 414-313 -0.151 
11,584.815 404-303 -0.013 
11,585.740 423-322 -0.056 
11,586.822 422-321 -0.024 
11,701.202 413-312 0.124 
14,337.694 515-414 0.067 
14,480.173 505-404 -0.075 
14,484.522 523-422 0.308 
14,626.124 514-413 -0.026 
17,204.900 616-515 0.035 
17,375.035 606-505 -0.108 
17,551.007 615-514 -0.082 
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fully extended such that many atoms overlap (eclipse) each other.  In the g+g- structure, 
the dihedral angles C1-C2-C3-C4 and C2-C3-C4-C5 are approximately +61 ˚ and -61˚, 
and the atoms are completely eclipsed with respect to each other with the exception of the 
central CH2 group (of atom 3).   The tt and g+g- structures are calculated to be 641 and 
1,464 cm-1 higher in energy than the global minimum with M052X/6-31+G(d).  The 
higher energy of the tt and g+g- structures may be due to the increase in unfavorable 
steric interactions associated with the overlap (eclipse) of many atoms within the 
structures. 
 M052X/6-31+G(d) was used to calculated the properties of the lowest energy 
conformations of glutaronitrile, gg and gt.  Table 6.7 summarizes the predicted properties 
of these glutaronitrile structures.   
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Table 6.7. Predicted properties for the candidate glutaronitrile structures 
glutaronitrile structuresa 
  gg gt 
A (MHz) 4,714 7,389 
B (MHz) 1,599 1,209 
C (MHz) 1,462 1,091 
∠ C1-C2-C3-C4 61.3 59.3 
∠ C2-C3-C4-C5 61.2 176.8 
κb -0.92 -0.96 
|μa|
c (D) 0.0 1.8 
|μb|
c (D) 4.6 3.7 
|μc|
c (D) 0.0 1.3 
|μT|
c (D) 4.6 4.3 
χaa
d
 (MHz), N1  0.19 -0.66 
χbb
d
 (MHz), N1  -0.08 2.42 
χcc
d
 (MHz), N1  -0.11 -1.77 
χaa
d
 (MHz), N2  0.19 3.41 
χbb
d
 (MHz), N2  -0.08 -1.92 
χcc
d
 (MHz), N2  -0.11 -1.49 
ΔEe (cm-1) 0 289 
a M052X/6-31+G(d) 
b Ray's asymmetry parameter, κ = (2B - A - C) / (A - C)  
c |μa|, |μb|, |μc|, and |μT| are the absolute values of the dipole moment components along the 
a, b,    and c axes, and the total dipole moment. 
d χaa, χbb,, and χcc are 
14N nuclear quadrupole coupling constants, for N1 and N2.   
e M052X/6-31+G(d) relative energies including zero-point correction. 
6.3.3.2. Microwave Spectrum 
 Figure 6.6a shows the experimental microwave spectrum of glutaronitrile over the 
7.5 to 18.5 GHz region.  Following an analogous fitting process to the molecules 
described above, a fit for the gg structure of glutaronitrile was found.  Since this structure 
is calculated to have its dipole moment exclusively along the ‘b’ rotational axis, its 
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Table 6.8. Experimental rotational and centrifugal distortion constants for glutaronitrile 
glutaronitrile
  gg 
A (MHz) 4,756.049 
B (MHz) 1,582.727 
C (MHz) 1,449.369 
DJ (kHz) 0.00254 
DJK (kHz) -0.01860 
DK (kHz) 0.04857 
 
 
 Nuclear quadrupole splittings were not resolved in the microwave spectrum of gg 
glutaronitrile.  SPCAT was used to predict nuclear quadrupole hyperfine splittings.  
Glutaronitrile is unique amongst all of the molecules studied in this work, since it 
contains two 14N atoms, N1 and N2 (Figure 6.5).  Each 14N atom has associated nuclear 
quadrupole coupling constants χaa χbb, and χcc (Table 6.7), which led to a complex pattern 
for the nuclear quadrupole splittings.  When all splittings (weak and intense) were 
considered for experimentally observed transitions, the average nuclear quadrupole 
splitting was predicted to be 0.20 MHz with SPCAT, which could not be resolved in the 
study.  Table 6.9 provides a summary of the assigned transitions of gg glutaronitrile.  
 It was not possible to assign the gt structure of glutaronitrile.  It was possible to 
assign 16 a-type lines and two b-type lines based on the predicted rotational constants of 
gt glutaronitrile; however theory predicts that b-type lines should be more intense than a-
type lines in the gt structure (Table 6.7), due to a larger component of the dipole moment 
along the b axis.  Upon close inspection, many of the most intense b-type lines were 
missing from the spectrum, indicating that the fit generated cannot be confidently 
assigned to the gt glutaronitrile structure.  These unassigned transitions are excellent 
candidates for future studies using two-dimensional CP-FTMW spectroscopy to identify 












8,417.850 725-716 0.236 
8,638.073 624-615 0.034 
8,880.879 523-514 -0.070 
9,104.077 212-101 -0.060 
9,122.807 422-413 -0.146 
9,228.818 404-313 0.122 
9,342.954 321-312 -0.082 
9,523.580 220-211 -0.109 
9,817.059 615-524 -0.076 
9,920.003 221-212 0.357 
10,122.717 322-313 0.165 
10,394.934 423-414 0.424 
11,937.484 313-202 -0.212 
12,190.895 827-818 -0.310 
12,453.804 505-414 0.202 
13,273.278 716-625 -0.189 
14,711.039 414-303 -0.248 
15,695.613 606-515 0.306 
15,717.204 221-110 0.090 
15,854.572 220-111 -0.016 
16,000.331 633-624 0.163 
16,095.508 532-523 0.033 
16,151.432 431-422 -0.101 
16,179.889 330-321 -0.138 
16,200.298 331-322 -0.201 
16,212.353 432-423 -0.090 
16,235.889 533-524 0.043 
16,276.058 634-625 0.128 
16,338.695 735-726 0.149 
16,430.058 836-827 0.080 
16,556.515 937-928 -0.196 
16,775.975 817-726 -0.037 
17,433.095 515-404 -0.188 
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6.4. Discussion 
 The microwave spectroscopy of the isonitrile counterparts to 4-pentenenitrile and 
4-pentynenitrile have been studied by Møllendal and coworkers.33, 34  The isocyano 
analog of 4-pentenenitrile is 4-isocyano-1-butene,34 and the isocyano counterpart to 4-
pentynenitrile is 4-isocyano-1-butyne.33  These isocyano isomers form interesting points 
of comparison, because they are isoelectronic structural isomers of the molecules studied 
in this work.  The spectroscopic characterization of these sets of isoelectronic structural 
isomers is important, because isomers can vary in their reactivity, potentially leading to 
different reaction products.   
 First we begin with a comparison between the microwave spectroscopy of 4-
pentenenitrile and 4-isocyano-1-butene.  In the 4-isocyano-1-butyne study, Møllendal and 
coworkers observed three stable conformations.34  A comparison of the dihedral angles of 
the observed structures of 4-pentenenitrile (eg+, et, and st) and 4-isocyano-1-butene 
shows that the same stable conformations were observed in both molecules, indicating 
that the structural preferences are largely independent of whether the terminal groups are 
nitrile or isonitrile.  For example, the eg+, et, and st structures of 4-pentenenitrile 
correspond to structures III, I, and IV of 4-isocyano-1-butene.  In the case of 4-isocyano-
1-butene, Møllendal and coworkers also did not observe any nuclear quadrupole 
splittings, much like the lack of such splittings in this work. 
 The present microwave data on 4-pentynenitrile can be compared with the gas cell 
data on 4-isocyano-1-butyne.33  Møllendal and coworkers observed both the trans and 
gauche conformations of 4-isocyano-1-butyne.33  This is in contrast to our work, where 
no transitions due to the gauche conformer could be confidently assigned.  The difference 
in observed conformations is likely explained by the fact that Møllendal and coworkers 
obtained microwave spectra in a cell cooled to about 253 K,33 whereas the microwave 
spectroscopy in this work was carried out under jet-cooled conditions, with rotational 
temperatures of a few K, where collisional cooling can remove population from higher-
lying conformational wells.  It would be interesting to test this hypothesis directly by 
recording spectra in a gas cell at room temperature.   
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 Glutaronitrile incorporates nitrile groups at either end of a propyl chain, and is 
therefore prototypical of ()-disubstituted alkyl chains.  We observe only the gg isomer 
(Figure 6.5).  This structure is calculated to be ~300 cm-1 more stable than the gt structure 
that is second in energy, and not observed in our jet-cooled experiment.  The dipole 
moment of the gg structure is purely along the b-axis of the conformation, which can be 
understood when the three dimensional orientation of the gg structure with respect to the 
rotational axes is considered.  The b-axis goes (only) through carbon atom 3 (Figure 6.5), 
and carbon atoms 2, 3, and 4 lie in the same plane.  The nitrile groups are oriented ~120 o 
from one another in relation to the plane containing atoms 2, 3 and 4.  Furthermore, the 
plane where atoms 2, 3, and 4 lie bisects the a and c rotational axes, so that both the a and 
c axes are each approximately 45 ˚ away from the plane, with the a-axis closely 
associated with the nitrile substituents.  Given the symmetry of the gg structure, 
particularly with respect to plane containing atoms 2, 3, and 4, it becomes apparent that 
the bond dipoles for the molecule cancel out in the direction of the a and c rotational 
axes, such that bond dipoles (and consequently a permanent dipole) remains along the b-
axis.    
6.5. Conclusion 
 The microwave spectroscopy of 4-pentenenitrile, 4-pentynenitrile, and 
glutaronitrile has been characterized in this work.  The eg+, et, and st conformations of 4-
pentenenitrile were observed, and the trans conformation of 4-pentynenitrile was 
observed.  In the case of glutaronitrile, the gg conformation was observed.  In all cases, it 
was not possible to fully resolve and assign nuclear quadrupole splittings.  All three 
molecules may be formed via the combination reactions of resonance-stabilized radicals, 
and thus they are important candidate species for formation in planetary atmospheres and 
elsewhere in space.  The characterization of these molecules provides the necessary 
spectroscopic signatures for their search in space, as well as lays the foundation for future 
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Product Quantum Yield In A Uv Hole-Filling Experiment 
 The goal of this appendix is to provide some guidance for carrying out product 
quantum yield calculations in a UV hole-filling experiment.  This guide is specifically 
written with respect to the (E)/(Z)-PVN→quinoline hole-filling experiment, but similar 
equations can be considered for other photochemical systems.  Hereafter, (Z)-PVN, (E)-
PVN, and quinoline will be referred to as Z, E, and Q respectively.  Photoexcited Z is 
denoted as Z*.   
 Upon the photoexcitation of Z, Z* is formed.  In the case of the Z→Q 
photochemistry experiment described in Chapter 5 of this thesis, the S0-S1 origin of Z 
was pumped to initiate photochemistry, imparting 33,707 cm-1 of energy to Z, and 
forming Z*.  Z* can take three pathways, as shown below: 
  
 Z  + hν   →  Z* 
      Z*    →  Z   
    →  E   
    →  Q 
 
 In the first pathway, Z* refills back to ground state Z.  In the second pathway, Z* 
can isomerize to E, and in a third scenario, Z* can lead to Q formation.  The kinetic 
scheme says nothing explicitly about whether the isomerization occurs on the ground or 
excited state surfaces, but internal conversion to the ground state surface must occur prior 
to vibrational cooling to the final products.  These three pathways from Z* are formulated 
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barring dissociation on the ground state surface as an alternative competing reaction 
pathway.  Addition of such photodissociation pathways to the kinetic scheme is a 
straight-forward process and will not be considered further here.  However, we have 
reason to believe that this formulation is valid, since two experimental factors argue 
against the possibility of dissociation (i) the long excited state lifetimes of E and Z and 
(ii) facile E↔Z isomerization.   
 The quantum yield for Q product formation following photoexcitation of reactant 









 equals the number of molecules of Z excited by the UV laser.  
Unfortunately, we do not know NZ
exc, since all we measure is the net depletion of Z in the 
hole-filling experiment, which measures Z molecules that did not refill back to the 
ground state of Z.  In lieu of this, we can estimate an upper bound to Q product formed in 
the photochemistry experiment relative to the number of excited molecules Z* that react 






   (2) 
 
 In order use Equation (2), we need to be able to relate signal size I(volts) to the 
number density of molecules N.  Equation (3) demonstrates the relationship between I 






. ℓ . Vz  (3) 
where  σz(λ1) = absorption cross section at the wavelength λ1.  Units of "cm
2/molecule" 
Nph = # of photons intersecting sample at λ1, the wavelength used in the first step  
          of resonant two-photon ionization (R2PI).   
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fion = fraction of excited molecules ionized at λ2, the wavelength used to ionize.   
           In 1 color R2PI, λ1 = λ2, and in 2 color R2PI λ1 ≠ λ2.   
NZ = # density of molecules in the ion source region (in molecules/cm
3) 
ℓ  = path length.  Units of "cm" 
VZ = signal in voltage (V) at microchannel plate (MCP) gain setting used.   






. ℓ . VQ   (4) 
 
 Since no Q formation was detected in the hole-filling photochemistry experiment, 
IQ
photochem < 3·IQ
noise.  With this, an upper bound for Q formation and ΦQ can be 













  (5) 
    
 Normally, we could rearrange Equation (3) for Nz, and use equation (5) for NQ 
and plug them into Equation (2) along with the fractional depletion of Z in the hole-
filling experiment.  However, in order to sidestep our lack of knowledge about the σ(λ1)s, 
Nph(λ1), fion’s,  etc., we can calibrate the signals due to the Q and Z using original samples 
based on the R2PI signals starting from known number densities of each molecule behind 
the nozzle: 
 
	= σQ(λQ). Nph(λQ) . fionQ . ℓ . VQ = fQ,detsample (6) 
 
	= σZ(λZ). Nph(λZ) . fionZ . ℓ . VZ = fZ,detsample (7) 
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   In Equations (6) and (7), fQ,det
sample and fZ,det
sample are the detection sensitivities of 
each molecule, as a signal voltage/# density.  Still, Equations (6) and (7) do not eliminate 
the dependency on σ(λ1)s, Nph(λ1), fion’s,  etc., for which we have no information.  
Therefore, it is useful to relate the number density and corresponding signal sizes back to 
one species, say Q, thereby eliminating differences in associated with σ(λ1)s, fion’s, etc.  
We can achieve this by knowing the relationship between the number densities of Q and 
Z behind the nozzle in the authentic samples of each used for calibration.   
 According to predictions from SciFinder,1 the vapor pressure of Q is about eight 
times higher than the vapor pressure of Z at 25 ˚C, such that NQ
sample = 8.NZ
sample.  To 
compensate for the difference in vapor pressures for Q and Z, the Z sample was heated.  
Q was detected at ~44 ˚C, and Z was detected at ~61 ˚C.  In general, a factor of two 
increase in vapor pressure for every 10 ˚C increase in vapor pressure is a reasonable 
approximation, such that NQ
sample = 2.NZ
sample   (or equivalently NQ
sample/NZ
sample







∙ 2  (8) 
 
 It is useful to keep Equation (8) in mind for subsequent steps.  Plugging in 
rearranged forms of Equations (6) and (7) and IZ
dep into Equation (2) allows us to arrive 










 In Equation (9), we remember that since no Q was detected, IQ
photochem < 3·IQ
noise, 
and consequently make the substitution of 3·IQ
noise in place for IQ
photochem.  We then 
rearrange Equation (9) to restate it in terms of Q and Iz
dep by multiplying and dividing by 
fQ,det





















              (10)    
  
 Equation (10) is the final result, where IZ
dep is the fractional depletion (no units) 
from the hole-filling experiment, IQ
noise is the noise in the hole-filling experiment, and 
IQ
sample is the signal in the pure Q sample.  fQ,det
sample/fQ,det
photochem is the ratio of the 
detection sensitivities for when the pure sample of Q was detected, to the detector 
sensitivity towards Q in the hole-filling experiment.  This ratio would incorporate 
differences in microchannel plate voltages and laser powers.       
 New microchannel plates were installed in between the signal measurements of 
the Q and the UVHF experiment in search of Q.  While potential differences in the 
detection sensitivities prevents us from making an accurate quantitative determination of 
an upper bound for the quantum yield for quinoline formation, we provide a crude 
approximation for the Q product quantum yield below. 
 The values of IQ
noise, IZ
dep, and IQ
sample are 0.0063 V, 0.0423, and 0.2924 V 
respectively.  In order to obtain a value for the fQ,det
sample/fQ,det
photochem ratio, we need to 
account for the differences in detection sensitivities associated with the measurement of 
the pure Q sample, as well as for Q during the photochemistry experiment.        
 Q sample was measured at a MCP voltage of -2,800 V, with three divide by two 
neutral density filters and one transmit 75% neutral density filter.  Q was searched for in 
the UVHF photochemistry experiment using a MCP voltage of -2,050 V and three divide 
by two neutral density filters.  In general, for every 100 V gain on the MCP, the signal 
increases by a factor of two.  fQ,det
photochem needs to account for the following factors: 
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 28,  to account for the differences in sensitivity for the different MCP voltages 
used when measuring the Q sample and looking for Q in photochemistry. 
 0.75,  to account for the extra neutral density filter in Q sample measurements (to 
roughly equalize laser powers) 





 We can take our known values of IQ
noise, IZ
dep, IQ
sample and the 
fQ,det
sample/fQ,det
photochem ratio and place them into Equation (10) in order to estimate an 
upper bound to the Q product formation in the UVHF photochemistry experiment.  In 
doing this, our upper bound to Q formation in the UVHF photochemistry experiment is 
approximately 1.6 %.   
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